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4% AN INTrodUCTION To wWekK jastéhcrion sé 


The lectures that comprise Volume 3 are a continuation of Volume 2. Feynman started this series earlier 
than normal, July versus October, since he felt he had not completed the prior year's lectures where he 
wanted to be. So this Volume 3 picks up where he left off and runs all the way into QED and weak 
interactions. I am sure the reader will find in it, as I did, the magic and genius of Feynman at his best.-jtn 
12/20/2012, 


4 
Sul b J. Sotvine pitterenTiAL EQUATIONS IN 
TERMS of ORThHOGOMAL FUNCTIONS 


In The course OF DiscuSSING ConfINED waves Wwe CAME To The subvecT 


oF EXPANDING TYNCNONS IM TERMS OF ORThOGOWAL FUNCNON. The £ 9g vANOM 
THAT LED vg To TiS Sub vEcT 


CAME from SOLVING MAXWELLS EQUATIONS 
mMSipe A cAvirTy, 
VOE= 0 V‘B:-0o Txe= - 82+ VxB- OF/ ae 


From The LAST TWo EQUATIONS Wwe Were LETT WIT The €dUATION 


a 
VxCUxe) =- 26 
gt 
We shin tt EB was Périopic with frequency W, Then we hAP To SoLve 
Vv XCVUXE) = -wtEé 


SubsecT TO The CONDiNoN THAT Vi'E=0 


eS | 
AT Tne WALLS. IN SoluiIne This EQYATION The Problem WAS V€EducED To 


A’ SET of Characteristics moves of vibranons En 
FYEQUENC? , Wn. The 


INSIDE AND ETANGENTIAL 


EACH wiTw «ITS Owsl 
Functions En or Tre €iGentoncnows 


satisty The 
CONDITION of SEO CORNET tea _ 6 Wf new 
J Ent Em dR = 7 if nm 
There Arc 


MANY ProbLEMS which we cAN 
(8 EXPANDED IN A SEri€5 of These 


SOLVE when The jvoxucnon 
EXAMPLE (ME were GivEN 


CIGENFUNCTIONS. Seppose For 
The evectric tied 


AT SOmMe INITIAL TIME t=o, 
E(x,4,4,0) = En(X¥,2). What would be The eEvectric Fietn AT Some LATER 
Time T. The eErectmc Fi€i_mn 1S Cxpressed 
The 


AS A SoPERPOSITION of ALL 
A CérTAIN AMOUNT Qn lt) be, 


= 2 Qn (t) Ey CK? ,#) 
n 


INDIVIDUAL MODES EACH ConTtTribywTINoe 


Ecx,¥,2,t) 


The sum over ALL Nn TAKES 


IM ALL POSSIDLE Modes. WE NOTE 14 The 
EQUATION 15 FirsT MOLTIPIIED by Em AND INTEGrATED over Atl SPACE, ThAT 
{ eeee d?R = E ances | Ew En 4 R 
n 
As we JvusT say Tne 


TIGHT hAAND INTEGrAL 
ONLY ONE TETMS TEMAIN AND THAT 


EAch coefficient 


1S @€ro tor ALL n+m So 
IS when N=mM. Thos we CAN Find 
Am (T), 

Om (t) = j Em: E d?R 
The INTEGrAL TELUL\Y WS The 


Mope SHAPE Em. 
= ras Qn En 


DEGTEE TO Which E 
The Above EQvATION IS The 
AND TELUS VS how TO hwo 


CONTAINS The parncular 


INVersSe EQuATION DT 
ALL The an's, 


RETURN Now TO The Problem of FINDING The FIELD AT Some 


LATER 
TIME AFTER The ININAL CONDINON E = bo, we wriT& 


E (iy2,t) * £ O,i) Eyer) 
This funcnon Must SATISFY 
r 
Vx(Vxe) >= VF 
ES ae 


OR YPON SYOSTITUTING , 


— z 
Tani) TxCVxEnca) = & 3 eas) E wcR) 
“2 at 

WE have Seem IN A PFEVIOOS ANALYSIS The EIGENWNCTIONS sATIS FY The 
The EQUATION, - a ie: 
: wx 7% En” = pee te) 
SubJEcT To Tre CONDINON V:En=0. Now iF ThiS FEST IS PUT INTO 
The Above EQUATION The coctticients musT SANSFt The EQLVATION, 


Quit) = - Wn Gel 


This 1S JOST The EQUATION for A hAFMONIC OSCILLATOR SO we're rEALLY 


GOING ATOUMD IN A CIPCLE BEcALVSE we FirsT ASSUMED ovr SoLLETNOM 
whS SiNvusoiDAl. 


Sinte we KNOw The INITIAL ElEcTIIC FIELD EofR) WE CAN +1ND Gnio) 


from E eta) = z Qntol En CR) 
or 


Owml0) = J Em-Es d?R 


BuT To SOLVE 


Qnz-wrtan we NEED More INtor MATION ThAN JOST 
Qn(O); we ALSO NEED The veEvociry of 
Se WEED To KNOW 
Fer). Then 


An IMITIALLY, hes, Gnl0). 
d Eo/,. bshich 1S Some fun CNon ot PpesiTon RR sAy 


Fir) > E Gu (0) E.CRI 
where ° — = 
hin tay = \ Bu th) Fe fo R 


TMS PerobLEm coud Whve been Sorved If BR hab bEEN GIVEN 
Sin Ce - (JxXEn) = Wn Bn Brn 1 Given AS 


INITIALLY, 


Burs ( Vx En) 


\F Ee, Ano Be Are civen The Problem CAN be SOLVED. 


A mere pifficurt Problem to Solve is wheal The CAVITY HAS Some 
ChArees ANO CUrrenTS INSIDE. This CASE IS LIKE A DRIVEN o<ciLLQTOR 


where The Fietws sAmsfv The set of Di Herenrifl EQUATION §, 
V-E:@ V-B-0 VxE= -9h, Vx B- ebay + geet) 
AcAam trom The LAST Two EQUATIONS we GET 


VxVxE = oe 


We ATE GOING To ASSYME THAT Somehow | KNow The curreyTS AND 

CHATGE DISTTIDYNONS INSIDE The cAVITY?. IN ReALIT? I'LL NévER KNOW 

WhAT hE plo fd 4's ATE ProDuCceD INSIDE bEcAVSE of The DACK ACTION 
of The INDUCED wALL COrfEeNTS AWD chir6eS ON EXTErNAlLy APPLIED 
e'a hve jo 


Now "ke write the ELéectric fiero AS 


Eckt) > LY Gut) Ex(R) + XK (tR) 
THe Cy TTA TETM IS NEERERN bECAVSE Tre EQUATION VX UXE 
To The EondINON Thar VE = ©, That ts When we EXPAwd VA UKE 
As 767-&) - VtE , The 


FivstT Term is Ve NoT 0 As Before. BoT 
By writine The F1eLD IN THe Above form We sec THAT VrX = . 
ber me ignore Ts TErm for The 


IS SubgecT 


MOMENT fivd WriTé 


E Gnlt) (~waEn(R) = £ Gn) En(R) + 24 
['d LIKE TO write 46Rt) IN TermS of En CR) 


iN The follow ING 
wAy, JOR, t) = 


LE  Jn Ct) Ente) 


Where Tre cocthcrewrs Are 

Init) = § ACRt) + EncRr dR 
PuTIn@® 4 CR,t) INTO The oeove EQUATION AND AGAIN EQUATING 
wefticienTS we Find THAT 


v 
- Wy Gn(t) 
THis gc Fherenmac €QUATION 


(iS Like A -+forcetd OSCHUATOR LE, F - Wee x = x 
(f Jnlt) hAppeneow To bE Kfonwt Then cf 
AS ASTEAQY STATE SOLUTION , 


QAn(t) + Init) 


Anlt)> Kcoswt we Find 


a = K wW " 
wo*- Wa 
IF The CAVITY WAS Leses ASSOCIATED with IT, A Term CawyY woud 
APPERrf AN TEPFESEWT The DAMPING, 


Z. More on The charces AND currenTsS INA CAN 


I'd like To F1x UPA few Thincos ThaT | MESSED Up LAST TIMEé. You 
ALL TYIEO TO TELL ME WhAT 1 WAS DOING WroNG PUT 1 COULDN'T See GT; 
WE hAD wHriTTEM DOWN MARWELL'S EQUATIONS dor some Arbitrary 
ChArGes ANS CUFTENTS INSIDE A METAL CAN ; They were: 


VE = pe. v-Bx6 Ux > cE r4 vx 


{T)) 


as 
38t 


Nore ThaT @ And 4 fire The CHACGES AND CurrenTS INSIDE The CAN — 
NoT ON The wil. The Above Ser of EQUATIONS COULD be Combine 
INTO AN EQUATON Which WAS orilT EN AS 

Vxcvxe) = SE oe 

ot 

IM SolvING This EOVATION WE Sob NECTED tT To The CONDINION THAT 
Etanc. =O ON The suctace. When The ELECTYIC FieLo varied SINUSOIDALLY, 
The solunoN To The Above EQvATOM WAS EXPressibLE IN TErmsot AN 
inhiwire ser of cCharacTentsTic Mones of VibrATIONS En fwd ech hAVING 
FrEQuency Wn, The E1gentUNcTIONS AS WE CALLER Them were SOLUTIONS 
vnver The ChAree tree conpinoN TAT V'En70. Bur When | hap 
V-En >Pfe, ' DD NOT ExPréeSSED The ELEcTC tierd Pfoperty. 


When 1 wrote for The S0LUNON 


G+ ZF a.7) Ex 
AND found Tre ser of havymonic OSCILLATOrF EQUANONS 


An lt) - Wr anlt) = Jn 


dt 
| BID Nor CONBiDer all The componewTS of The Evectric freed. IN 


other Words, | WAhve To ADD gomEeTminc TO = antt) En To SIVAIGhTEN 
Every Thine our. 


ONe WAY TW cottecT The PfobLem IS To TAKE ADVANTAGE OF A 
characrerisnc oF GLL vector Picups maAmery, ANY fieLD CAN bE De- 
Composed INTO A TRANSVErsé AND LONGITUDINAL CoMpoNENT SUbuECT 
To The condiNon THAT It 


E=>E,t+ Ey 
Then, Txt = O ANTS v<E- =0 
If we PuT ThiS New NoTANON INTO MAKweit's EQUATIONS , We hAVE THAT 
VEL = Pe, VxBy > = = “ORES = - 28 V°B. 20 


at 
fiwsT we wore TWAT B 1S Entirely TYANS Verse SINCE IT Comes from The 
TYANSVErse compOoNEnT of The FLECT TIC FIELD fwd 7: Re =0, 


lf 1 combine The EQUATION Tx SO weitic J-E.- Pleo, | ties 
Il must Sarve AN ELEcTVOSTATIC €Q VANON. TA AT 1S for Ix Ey a9 Be _ 
-9Q SothaAr V Ev = -7°W= P/e.. fr enth Moment 1 must soLve 


AM ClectvosTANC Problem Sobwecr TO The comoINON THAT Exc tang =O 
AT Me socface. jt 1s Ths 


ADDINONAL PFObLEM THAT WAS TO bE SolvED 
THAT I teroo®. 


lLeT ME Go ON bY WING VX*B, 


= 0E 47 
HELD components, 


AE ty IN Terms of The Two E- 
YxB, > Mr j}? aE 

at at 

Now 


' f£M GOING To wftiTeE + 26 AS t becduse 7 1s a 
PerfecTly Good vector fwd CAN be Broken up doST LiKe ANY 
OTher FterDd, 


Since Ve i =O by ove Theorem we réeQuire ThaT 


a = 0 
at 

or 

v4 +3 3F 26 

Eo ot ets . ‘ 

Which (S Just The conServitnon of Chitroe tAw. SINCE 4 = ee 
4: MeyT egquAt - db. , 

at 


Now To clef up The Trouble. LAST Time when 


| worK ED This Probtén 
whAT |! WEdllLy sorved WAS The EQUATION 
=y = a 2 
VxCVXE,) = wy, &, 
Where mas Sei ee 
E> E Gnit) &n AND V+ky =O 


IN The Solunon when 


“e 


An (t) - Dy onde) = 44m 
F dt : Es & 
4% wAS WiTEN AS \ 4° En dvow . Since 4 > qe g* This inTECrAL 
CAN be written AS 


jn > j dr *EndVor + } jecEn due 


The LAST TEM CAN be IiMNTEGrATED by parts 
Je sANsStX The reguirementT THAT Tx GL =O 


j fer Endver > 


SINCE 


jee VX IN orver 
There fore, 


The firsT TEYM on Tre Went 


j VxX« Ex dVot = \ XM CniEo leat + \x Ve Endvol, 
fat P is 


MLL Throw ovr Rechuse Aus abe. ved 
INSTAWSTADEOUSLY ComsTANT om The Surtaceé Thar 15 


pEL 
ec hs 


\ x Cn: Ba) dsuef = cows Tin | mE d ou! = cons] J VeEnd VoL =5 
Ann VeEn>O ON The surface 


what we hfve Shown is ThAT To SOLVE The Problem of firbTrare 


charces Ane currents in A CAN , YOvV WAVE TO SOLVE Two EQUATIONS. 
ONE Problem 15 The charoe And curreuT Free problem where 
VeEy =0 ANd The Omer Problem IS The ELECTTOSTATIC ONE 
where T° Ev Feo. We Sheowen how To Find Er AND Ee was 
Sou Throveh A series of ELECTYOSTANC ProbLEMs. 


One Furhher Pointy we coo Lb hAVE WORKED ThiS Problem OUT IN 


Tevms of B AND found ThyT 47 Alone PRIVES The B €OvATION, 
TWAT 15, trom Mihyweu's EQuaTIOWS WE ce ts 
Jx(vxQ)- UB ¢ Vxa a OS y Vers 
att ot’ t 
Sonce VeB=o0 , this becomes 
Y Ra ote a ~ 
pile aa i 


Vector AND ScALAY PoTennAL NoTATON 


| couLD WAVE work ThiS Problem ouT in Termsof The vector avd 
SCALAT POTENTIAL. This (5 vSoALLY PONE aAi ALL of The LirérAtTre, |f we 


rECALL R=TVKA And E=-7Q +A 
oT 
Note (+ The ElectriC fiecn 18 Brokew wwTO fF Tr ANSVErse AND LONGITUDIMAL 
PACT | Then 
ES = AND Er.>- 79” 


Since VxXEL =o AND V:Er=0 


As You may recatc from previous LtecTuRes 


The scALAr AND VeEcToR 
PoTENTIALS Do MOT UNIQUELY DEFINE 


The evectrvic fiecd. We ATE Theretore 
tee To chose The GAveEe TYANSfOrMATON TraT 1S The most vsetor. I+ 


WE chose The LorenTtE GRUGE hé,, 

VA = 2¢ 

3t 
EQuvATONS #re UNCOUPLED 
= — - z 

tA- SA» 7 Oa | ep MPLS 
Vi‘ A 5th g Q att -? 
TnhiS Shows TWAT The chArce DbistribuTION 
Awd The Cur CepT b ISTYIDUTION 


The PoTenTiAt 


P drivés The d EQuANON 
Drives The A EQUATION. 


if WE choose A Ditherenr GAUGE The sorvTions for E Are The 


SAME buT The PoTewTIALS Gre DiFferentT One GAYGE WE MIGhT 
TY 18 The Coulomb GAUGE , 


VA =0. With This choice MAX WweELL's 
EQUANONS Gives US 


5 = gee 2 x 
= V ( vee st) (es 
: i iE fen 


Vee 
or ye 


The sotuTnom of This Time INDE Pen Dent EQUATION HAS BEEN work co 
pur before AS 


qo = \ CF? Don 


This iS The coulomb PoTEnTIAL WwithovT A CETATDED Time. 


FRom The other MAXWELL EQUANON VxB&= 9é 


ce: +7 we hve 
hy ie es = a ot 
VxCVxA) = S*A-a VA +7 
we er COG at 
S ince URCT SA) = VEVA) — ra = -~VtA With T7-A=0, Ts 
EQUATION becomes, 


2 = oA = = q+ o&e 
yn et d ot 


The tecm OW Tne £fiIGhHT 185 gust 4t AS we petined iF EArLier, Sa 


we see iT 1S JYST THe TrYANWSVErsEe PART | TRAT Drives A, 


One tucTher POINT FEGACDING VECTOR FIELDS BEING Expressen AS 


The SUM of Two PART ; You mic¢hT wAWwT To Find 


€x peiceT tor MULAS 
for The Two PArTS IN TErMs of 


to The fiecn WSect. Po Do This LET 
C Be fe$ VEctor fietd Such Twat 


Cs C7; + Cp 
Subsiect oO The conpiNON ThAT 
VeCr =0 aw Ve CL =O 


This imPLes WAT QL = VR where X 
lf we compyTE Ye we Find, 


Vic = GVeCr 
MAKING THE SYbSTNTUTION, 


V-C => Yn 


Since V*X = consTHWT WAS AG SOLUTION 


tS Some ScALAr Per ewnee . 


Which we JUST sound 


X61) = f (W-eh dv, 
we have Trar feie F 
iis ¥ (eC). du 
foie 


The vse oF The covlowmb GAUGE 


IM §SLVING problems gt This TYPE 
Shows The 


NATUrE ot ELECTYOMAGNETISM |S Two-forno: The fiers 
from charces AND CUcreNnTS fre NoThiING More THAN A bunch of HAPMONIC 


OSCILLATORS DRiven bY The fAmouwr of chittoe or cucréwT IN The PArTiCcuLAr 
MORE You Are STUBYING. And 


SeconpDLY ThE POTENTIALS come trom 
ElectrosTATICS AWK be~have 


Tre covlomh AcTlon AT A DiIsTAwCcE LAW. 


A PATR TO QUANTUM ELECTRODYNAMICS 
Read this carefully: jtn note 
The covlomb GAUGE HASF hWisTONCAL 


A PEDAGOGICALLY EAS? WAY QED. WorkKine from CLASSICAL 
Phv¥sicgS The STUDENT LEARNS EvecTroDY NAMICS Then QUANTUM Mechanics, 
RelATVITY, AND FANALLY EMEFGES INTO QED, The PATH iS LIKE A 
TrAIL ACroSS TWO MOUNTAINS by way of The SADDLE, There 15, 
however, A More ELEGANT WRY INTO QED vViwe The LorewT? GAUGE 
Which TAKES YOu AYTOUND Tre MOUNTAIN vATRer Than The harn 


WAY over iT. This New APPTOACK WAS FfirsT PRESewT bY FrYnmAn 
tn (148. 


IMPOrTANCE IN ThAT iT ProviDeD 


INTO 


The New APProfch Discovered IN 194g PoinTS ovT That VERY oflegs 
TWAT PhySicAL Theories cAN bE writeN (IN MANY WAYS- EACH 
DifferenT AND EFCK with ITS OWN FeATUEs. Some formucanons LET 


You see A LOT, oThers ATE very LIMITED IM The visibiliTY They provide, 


IT tS A very Powerful Toot To Possess fA KNOWLEenGe ot ALL formulations 
To A Givew Problem. The Person Who hAS This KNOWLEDGE CAN Guess AT 
WhAT IS NOT SO TY ANSPATENT WITHOUT beEcomNeG® BOGGED DIWN 


in 
Terrible MitthemAaATICS Problem 


CONCEFNEN WITH ProviNne ExisTence 
comVversewce of A Series ,OF SOME OTHEr PCOpErTY of The 
The PoinT | wANT To MAKE IS 

To s0LvVE Problems Tran Tne 
ASSumMPTIOMS AND hit PoTReFeES. 
will Prove to be Tne GCASICST. 


MAT There iS ANoOTher WAY TO LEATN how 
TRADITIONAL EVCLIOGRN orDderiNnG ot 


Very of TEX The ANoN- Buctibe rn AePCOACh 


The Reader should pay close attention here to what Feynman is saying; he is pointing out his fundamental 
approach to understanding the world. He is always looking for back doors, some that are initially locked, 
to "get into the house". With multiple ways into a theory each offers its own unique explanation or 


interpretation; each offers a new window into our world and understanding. This is the Feynman 
"essence". jtn note 


3. WAves in FREE SPACE 


In The LAST LécTore WE TALHED AbouT Tn< SotuNdNn of The 
‘ 
ELeciric ficid INSIDE A CAN. !d LIKE TO Finish The DISCOSSION wiTh 
SOLVING for The MODES IN VACUUM. ThE SIMPLEST SOLUTION TO This Problen 
1S 


A sé€T Of PLANE WAVES EACH VEepresenNNG ft Pfitncol AR MODE. 
Teo solve The 


PRObLEM WE WILL APPLY The CovLOMb GAUGE TO MAX WELS 
EQUATIONS IN TYEE SPACE. 


As vou recall B=VAA Ann E = -Vpt Mae _ with These recanons 
APpLUcD TO MAK WELL'S EQUATIONS, - ea 
Ber a ~ Soe « -38 7xe > U8 +, 8 80Ve8>0 
ViLE.= Ve. VxeE = ne Vx oe 
SubsectT TO the Coulomb Gauee VA =0_ we foowd ThaAT The 
scatar PoTenTNAlL HAD The Soren 
i Y= -Pfe, 
Wehfve Previousl¥Y SOLVED Thig EQvuANON IN ELEcCTYOSTATICS whew P=0. 
The E€QuATNON Whith A mysT SATISFY IS A LITTLE MOTE ComPtcATED, 
ViA- MA = Ve 4s 
att at 74 


When The righT SIDE EQUALS EERO we hAve The simple WAvEe 
EQ VATION, =< 


Re & ott et > es RY) 


IS SOME VECTIC AMD K= Kx & +r Ky ey r Ke ee IS The 
ProPAGATION vecfroR ANd The K'S are The wave Number ASioc ATED 
with proPAGATNIOM IM Their respecnve DITECTION. 


where oO 


We wANT Te Ssorvé The wAve EQUATION 


TJtaA- oh 20 
SeLuTION: It we NoTe Thar The oPérators Yat 
AND °%x , Var, ax , on A hAVE The SAme Effect AS MULTIPLYING 
A by tw And -t Kx ,- KY, -CKet veSpecnvelr ,we have ThAT, 
(-Kx* - Ky*-Ke* twt)a =0 
EQUATION 1S SATISTHED i+ 


This 


Saag’ 
Wy, = KK 


InsreAD of Describing Each MODE bY A PAYTicuLAr INDEXK N AS WE 


Dip iN The CASE Of The can, WE NOW Describe ech MODE bP A 
K VALVE CONSISTING of Thr€& Numbers, 


Now so tAr we hAVEN'T WSED The tacr THAT vA 26 $0 LET'S 
wVviTe iT Out, 
a Ax + afy + vAz =O 
Sx oY az 
AND we FIND ThAT 


Kx Qx t Ky Gy + Kz2Q2=0 = Kea a: 


Thuis SAYS WAT The ProPAGATION VECTOR 1S PERPENDICULAR @. There 

Areé TWo DirecnoNs Which we CAN chooSe tor as They corréSpond TO 

DirecNOns of PotnmvizATION ANd WE CAN DenoTE These As 
oO = e, or OO = er 

Neteé ThaT & AND EL Are orThocowhl so ThAT EG, ° er =9 


AND ConS€QuenTLy 
€+K =o. 


This WAS ALL been tor The free wAVE of OSCILLATOR EQUATION. 
Now we woulb_ LIKED’ To 4\ND The SoLuTION ot The Forced OSCILLATOR, 


le, when - V9Wat 4 4 #2. Oh, one other Thine, WE Chr wriTé 
The vecTor POTENTIAL IN Tre FOLLOWING NOTATION 
A - = 2 CK*R) 
re eS 


The ormOCOWALITY of This SET of FUNCTIONS IS verified If WE mMoLTIPEY 
Ax, Py The comerex comsucAare Chor conveNnievuce) of A diterenst 
move SAY Axe’ then INTEGYATE over -ALL SPACE, 


= CAT] * . 6th Re 4eCK-R) 
Aw,é = ° Aw it dVot = ) ee -e;.e cvor 
¥ hit. a 
j Ax, co AKiredV= \ e- °@;! ld Vv) e F CCK Ri 


Tne MiG@hi Sipe 18 BEroO vNLEsS w=c¢' AND K' = KK Theretore, The 
Ax; \S ‘oem AN OfTRoGoNAL SET of EQuvuATIONS Which ENAbLE vs TO 
K,¢ 

voriTteé ANY oTher funchon IM Terms of. 


Now Then tt we wiwTt To SOLUE The EQUATION 

9ta Oh. « = 622 «7 

Le ae. at d 

we cAN TYY The sSoLUTION 

AcRt= ZK qe Ct) An 
oR “Kap 
ee a) ea — ~eKoie 
ACR AY > Dy Kilt) Ce, © 


This SoluTIoM WE PUT INTO The Above EQuATION AND FIND ThAT, 


}0. 


c % oe oT a me Neore = 39 ais’ 
ELE Mee as) | ce a eae 
To iSOLATE 


Ris .j 


4 AND inveEGvwATE, 
The comprex consiuGATE ot Avy ANd GeT 


2. kes , . —  tbb-K)erR ab cer 
lr Le Me Ke clt) | Ep-€s € sa | (aay, | 


one PATTICULAr MODE SHAPE WE CAN MULTIPLY both sipes bY 
A piftterenT Mode, SAY 


In Fact vet's TAKE 


The LEAT Side 1S JOST 


LK. tt) - (Ct) | The fiesT TEFM ON the Riek T 
1S Z€fo So we Are’ cef? with 


ee — a i #CleR % 
L* Gy, &) - Kaj lt) = \ aa “€y @ A? R 
ThiS EQUANON SAYS THAT You TAKE The CoMpoNENT ot Tre current DensiTy ' 
ProjeCcTED IN The 


DITECTION of POLATIZATION AND MuLTIPLY bY The SINUSOIDAL 
DisTriby DON OF Moves In SPACE AND Upon INTEOTATING YOU'LL +nb The 
DriviING farce To Etch MObDE 

iS 


Ly 4. A shoa@T- hand of The Above EQuANON 
% eo — + 

L a = ef * tut 

The quANTHYy Le Is AcTUALLY 
ot ELECTYODYNAMICS 


Wi; AND WhAT Wé REALLY hfve here 1S ALL 
IN OMG GQUATON — JUST A SET Of DRIVEN hfYMowc 
OSCILLATORS. SINCE we WAVE ALYEADY SotvED The ELECTYOSTATICS Probtrems 
we have ALL OF ELEcTTOMAGNETICS. While This EQUATION Obscuves SEevErAL 
APPATENT CONSEQUVENcES OF WhVE MOTION MAMELY 


Thar wives trAvet AT 
Tne sPeem of LIGHT ANd The ELécTYOomMAGNENC ENEérey IS IN The Feed, 
It pocS Provipe AN EASY WAY 
we'le ose iT LATEr. 


INTO QuofwTmM ELéecTToO DYNAMICS AND 


suppose wE had f& wite LYING IN The & BirEecNOoN AND TUNING from 
+ & a, 2 a. iF The 


As An EXAMPLE of how To APPLY This NEW APPOACK TD ELECTTODYNAMICS 
CurrenTtT DewsitY 
Then , 


iS ONLY IN The Z TDIVECNON, 


qecht = Lia dcx Sey) 
Never KNow. 


where LC% t) 18 The FimAL DISTMbYTION oF CYUrFEeNTS Vrich HS USUALLY 
IT 1S The 


VALVE ThouGhT To be APPLUER TO The wrre Pet 
which RAS I@NOTED ALL The 
FIELDS, The 


bACK ACHNONS Produced bY The ASSORTED 
ACTUAL Frerd La 18 Given pore ACcuUrATércr 
— ue — 
Tae Te AL ra L 8 FT 
ls DUG TO ThE FTE Site oF The wire finn The 
SettR WNCNON NO LONGEX tS VALID. 


Rut ASSUMING WE CAN GET 


AS 
ThiS PACK CEACTION 


A FimTE but ENOrMOUSLY 


There fore, 


AWAY wiTh The ROUGH APPCOXIMATIOM, Then 
of i IN mope L Wie use The tormuté 


To Finn The Proiecnon 


3 —2 ect &£+lxX L ¥. 
fecet) = €z \ Lcz,t) dex) dcx) € : aa vere 


= clgz 
= % \ "tae pie se 
=<; 


Since Lct,ti «3 Keown , we cat FIND The whive tn The move L by 


compuTING € - (eee). Then You cAN AND The SOLUTION TO the torcen EQuATION. 


NormAulzATIon iN Fourier Theor 


The MaThe MATICAL TOOL of Proaecnne # fUNCNON into fA Sees OF 
SINES WAVES 1S QuITE PAWETHVL IN SOLVING aifticuLT Problems. I'd 
LiKe TO Discus$ SOMETWING Warich 


lhavew'T Pone YeT in TECATDS 
To Fourier AVALYSIS. 


A*® 
1f 1 COMPUTE The JINTES WAL \ (A 
IT EQuALINe ge reese 


gigt® Fy. )dvor t wre tind 

; e: "Ee; dVovc. | SAID This oNl? hAS 

A v@loe when K= K' And é2=c' Ann Thar VALVE ts ONE. WE SAY 
The Answer 1s NOrmALItED To owe. Bud thAT 18 NOT A Trve STATEMENT 
becAVSE IT vDoESN'T EQUAL ome, IT EQVALS A VOLUMEOF SPACE 
which cAN WAVE Lor of infimitigs IA IT, Further t wANT TO PONT 
Trftr The Som Ey, 1S Like AN INTEGYAL which Also has A 
NOCMALItATION of A volome NOT umMity, | 


WANT TO Show THAT when 
Gonc from Tee som TO The 


INTGOYrAL 
= d*K 
Pag j (27)3 


The VALUE IN The INTEGYAL Gives A NOCMALIEATION Per uUMIT voLUmeEe, 
The NOTATION UNDer The INTEGrAL ACTUALLY MeANy dK dky dKz 


an Zn ty ; 
LeT ME Show ThiS crossoveR ISVALID 1F L TAKE AN Exampcreé of 


LATGE FECTANGULAT WOrLD wiTrR SIDE 
DemensSionS O AND b. in orvper tor he whve TH Fike iN SIDE The 
Bor wE Must hve The ComOINON ON COS K,xK AND COS ky? of 


Ky A= nh And Ky be 1. To be more ExAcT | ShovutD TAKE The 
SINE But i'm Too SlLoPP?, The VECTOY POTENTIAL ay tit ANuE A solLvunon 
ae = wie 
Atrée- cos (K-R) 


x 
ud The NOP MALIZ ATION COM Di Now 5 AeA Avot 


=| wWoulvb regoire THAT 
w*2 4/vovt since 


t= yt e; +e; Cos’ CK:R) dvol = 


re é > ep 
A (2. e cos CiK+R) 


au 
e vot, 
z 


iz. 


This 1S The RighT WAY To vwrttE The mode. This ditterence iv 
A haS A yveslecnon iM The EQUATION for je 


a be eG % ~Ry dvol 
dt fas | yeeee F Cos CK: RY] 


ra 2 
So ju 1s WeAKer by AN AmMoonr ye 


To Fino the True vate oF AcR, +t) we MOST INCLUDE Tws CofréecnonN 


INTO The Series. This Time We'll DewoTE Kae lt) with & SoperScripT 
Vv T® PESTENATE The New RHE HOMERS Hy ita, 


Atk, t) = Ls Ave de oF CoS¢t- Rr) 


v 
went Kec e ei Hei 


The sum over L 1S ACTUALLY A SUM oOveR Ny Ny ANd Ne. BuT 


Py, Tee) S $f fers dk 


Where T/q tS fl vere SMALL NUMbeEr INTErVAL 


RLONG- The Kx AXIS. Now The TIPLE Sum WouLD res 
Méin TAT 


Cuan es a = ya) J) {0K ky, Ky) dK, dkyd Ky Ky 


If Wwe MULTIPLY beth sines bY 2/vor ANd NOTE TWAT ObC= VoL 
we CET 


Vv pls 


2d3K 
Tt? 


is z 


& vot 


This Whole Exercise hAS been To GeT The votomes TO CMceL OUT. 


The NON-SKILLED MIGhT MoTICe The ExTYA 2 ANd The LACK Of 
(271)? ww The denormATOR, The Lim The Numerator cam be SE PeMeeD 
by my PersisTenT USE OF cos(K-R), If 1 NAD VLSE ThE EXPONENTIAL NOFIEK 
NOTANON LF wodlLDM'T have #PPcRreED. ALSO When AverAerNc Cos> 
we @GeT A Yr so The Twos Divide ovr. The MISSimG Twes 18N 
The Dewommaror WAS TR DO wiTh The +ACT THAT whe dastiNG 
Wes iNSIDE A biG Box The Soleunons Are Thar oF f& Set oF 
STANDING WAVES MADE vp of TWO RUNNING aves CONG “mM The 
OPPOSITE DivecTIOM. When SUMMING Zn, To a a a ed 
CONSIDE TED The fForwhrd WAVE So we MUST souripuy Throush by 
2 To corvecTy Twines, Thus we cer 

oe ‘nin S \ es - oom 
+2: Vor Tt 

Pes 5 d>k 
an) 
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WAVE GUIDES Ref. Vor. Te Char z2y 


| woutD ume TO DEAL With A LoNG PIPE-ShAPED WAVE GUIDE which 
hAs TS LONG BDIMENSION is The Z-PIRecNoN. TO WOK O°T 
The chAYACTEF ISTIC MODES of PROPAGANON | MusT SoLvE 
The FollowiNG EQUATION, ae 
VatFxe) <« Se 

ot’ 


at 


SYpaccT To The conDiNoN ThAT V°E=O inside AND Exyan,20 
ON The SurtAce. | have ALYEADY Shows This EQUATION VLoItl have 
The SOLUTION — - es t(wt-Ke) 
Ecac)= Ecxny)e | 

The Above EQUATON cAN be Simplified To, 

. Ste ate re 

E<«= - % = = t 

ae Vv ee wre 
Since V'E=0, Now we have Three EQUATIONS To solve 
For The Two DimMewSionArL chSe 


a a 
iy ( axe ay) Eyye CW- KDE, 2 


ty 


Because VEO, 16., = x 
ax ay ae END View 
The Above Three FQUATIONS ATE NOT |NoOEpewDeuT Of ONE ArnoTher, 1.6-, 


We Bo hAve A Choice of E IN The X,Y PLANE becAUSE WE 
CAN break Ex inTo A TANSVEerse AND LONGITUDINAL CoOmMpoWenT, 
Ee, Vx Ez =0 or V°eEx =o. The First con? mon implies 
ThaT Ex, = 3 9x,y, AnD Ey = ore! . This cAn be PeT into 


2 ox 7 
The Above DifferennAL EQUANON AND fer The A-COMponévT wt 
CAN INTEG YATE ONCE TO FIND, 


& & t 
“ft elt Oe 
This EQUATION CAN be solveD Subject TO The bounDaAry CoNDMON 
ThaT CP = conSTANT ON The Surtace ot The PIPE And for CONVENIENCE 
I'L Choose IT TO be Zero, When E hfs boTh fA TYANBVErSe AND 
LoNeiTUDIWAL PAFT The MAGNETIC FIELD ts PerPenPICOLAR TO The 
E-DrecTOn, Recmse The B-fietD IS Whwsverse we chee iF The THM, 


Triwsverse MAGNETIC, Mode, If Ex satisfies The conBinon V°Fe 70 
Then The ElecicfietD onty AAS COMPONENTS IN The X,Y¥ PLAWE 


AND Ez=0. This is cAtteo the TE, TranSverse Evectric, frone. 
BechuSG V-Ex =0 we hAve The rclaTiongy ThaAT 
co} 4 oy 
This DifSerennAL EQUAMON 1s ONLY SANSfieD It Ex av 
ThaT 1S TO SAY the Differennac 


TELANONSHIP betwee Ex Aid 
Ey Permits on 


| Svee functon AS A SoLuTIOM, wimecy YW. Thus we 
Find A&A ThrRd DittercnMAL EQuATION 


Bye OY 


SemecT TO The bounnftTY CONnDINON THAT The NOP AL TD The WALL 15 
Zero AT Me sortace , te, dw 


=O 
dn 


Surf 


The RecTANGULAY WAVEGUIDE 


Let’s consiper AW ExAmPLE OF A TECTANGULAR WAVEGUINE 
Wwetich HAS The dimensiONS & ANN b iN The X,Y, PLAVE. 


INorder To FT A bowddAty connimow of Geo on The + 
surface We Choose The PoTewTIAL To be o& The form . : 
= ny mn y 
G= Sin TEx sim 


IF Tis ts PoT IwTO The differen TAL EQUATION, WE CET co 
agen y min 


=Sf no eg 
2 é4 Ox" 


Qa 
ar 7 be) = ATG s (O-RING 
OK wpe -KP 2 ntg* wet 
“ar * “pe 
Sol_vine@ for K , 


z ne m* tes 
= Ti us oe zu oe Ab 
K A tT (=r = | 
Tne TWO VALVES ot 


Kr md -, Give The Two Direcnons oF 
PROPAGATION of The Wave, As w 6eT LATGE, SO DoesK, 
IMPLIES A GETS SMALLET. BuT for Low frequencies , AX STMHTS 
TeGeT bigger. if W CeTS SMML EWouGh TWAT The BrAckerTeD 
QUINTITY Goes NECATIVE, K becomes imAcinfry, If KIS 
IMAGINArY The ELecTYIC FieLD Is NOT TYANSMIITED buT rATher 
EXPONENNALLY ATTENUATED AS IT Goes INTO PIPE, From our 


SOLUTION ae E, e ftwt-Ke) 
if K= ¢K' Then 


ee K't CwTt 
E-Esve e 


15 


Vx 


Thos When 


cS 2 r 
ate Tee. cf tes w 
oe art Bt) 
the whve PFOPAGANMON «tg curott 70° we CALL This The coT of $ 
Svrequ ewct,’ Suppose for SIMpLucITY Q=b Awd neomel Thepl 
Wy = 1C 
Qa 


The oscitl ANNO Sveup WILL 


PewetrATE INTO The Guinée only A 
DisTANNCe OF Te order of '/u' where 
: K' = Wy* = w* 


When Wits JuST below We 


K' tS Smal ASd The fiern cAN penceTr ATE 
A LodG DISTPECE INTO Me GuIDG When W cz We K'~ TY, ANd 

The fern dics off very FAST. ONE WAY TO ISOLATE A ParncoLAT 
trequent w! 


ts T bvoila Aw ATlevrvaATOF Which hAs 
OQ which MAKES 


The diméawsiow 
iT close TO The cuoTot- a trequancy. W' witl be 


The LAST ExponenTIALLY decayime wave fac oT IN The Guipe ANd 
ITcAN be Amped AND Then" TrANSmiITED ON. 


WS We 
x d (ee) ; 
MMVELOIBE “ ATEN vATOR 


WAVEGUIDE 


ly ANALOGY BeTWween WAVE Guides AND wolf CchapT 24 


Quantum Mechanics 


| wANT To POINT OUT AN INTETESTING ThiING with YeGArDS To wAve - 
Guibes. We hAve SEEN Thal The wAveé NumbeR CAN be wrilten AS 


where Am are The cHArAcTerisTic wave LeweThs For each MODE ™, IN 
Another LECTUrE WE Discussem The PHASE VELocITY ot fA wAve or The 
SPeen AT Which NODES TVAVEL AWD found THAT 
Tumme > | * = 
Ko fat Xe 
This CAN be TCARRANCED INTO The foLlowinG tore 
iC 


yi CS) 


Where We 1S The cutott frequency of the WHVEGUIDE, 


Uphase > 


Now Mme GrouP yetociTY TéLLS US how FAST SieNALS or ENErG? JS 
bemme PYOPAGATED down Tre Guipeé. We Know THAT 
dw 


Veroop = ak 


UPON DifferenTnNANNG W= JK een We find 


Veroup > K = 
w Up hase 
OR expressed DitlerenTLy 


; uu 
Upnase Ueroup = © 


TYy5 1S AN INTETESTNG YESULT bechUSe IM QuANTUM NechAnics 
A PACTNCLE WIth SOME VELOCITY UW hAS AN ENEVTO?, 


a = V pts me 
Where The evneroy E 1s Given bY Rho And The Momentum Pp by AK 


The véerociTY ot the Pfrrncle 1S Given ANALOGOUSLY AS 
vT> dw = dé 


dk dP 
UsiInG for E Tre Above vatve we dvusy have TraT 
GU = Pp 


AND EF IS Likeven To fF MOVING MASS, 
JdusT writTen We Have That 


K= wre mich 
Ce —_* 


USING The svbsntoTIOWS 


we 
DRAWING The ANALOGY Then The EloenvALVES dy AYE rEeLATED To 
The MASS SQuAren of A PAHTICLe by ct /h~ 


A Wortd of ~S Dimensions 


We courp Amuse ourSEives AT ThiS POINT by NOTING WAT We have 


been SotviING A eae Gener AL oo EQUANON GIVEN RS 
oat 


‘e* “att x. 24 ue a * 
Where The m® ar ‘The A of SOLUTION, Now tft we rewrite 


TWis EQUATION TO INCOCPorATE AN ADOINONAL DimeéensidN, The w- SPACE 
we have ray 


60 ae 2 ae yq 
‘at > ox" 7 a3* aw 
Where The W SPACE 1S CONTINEH TO A TECION bOUNDED by Twod 
PLANES. it The varianmo of ~ IN The W space IS Graven bY 


SIN Niw/ , TheN SE€conD deriv #nve of Q wiTn vesPECT To Ww JjuST 
Gives nitm/ar. So If 


~E(wt -K.X -KyyY -K, = 
Qx« sin nit e : etehy®) 


The PArTic ULAY SOLUTION To The DifterennAe EQ@UATOM 1S Then 


ro = K* as n* a> a m* 
at 
Ths iS The SAME form AS 


Pe Ps: a 
a 

if we MULTIPLY Throuch by A’. t# we DPYAw The ANALOGY Then The 
MASS of The PArnclLe Is relATeER TO DiScreTe wTeEGEr vaALUES of K, 
hf ty Ther DEPEWDS ON The DIMENSIONS of The w-SPACE 
The MASS IS PermiITER To wiGb6lE AbouT iN. So iT woud Not be 
VNUSYAL To PLOT M™ versus some imTEGEY ANd FINd A ONE TO ONE 
corvesponpence. AS A mATTER oF FACT Thar vert Trio hAS been 
DONE IN Tre reALM OF hiGh Ewéevoy Physics. The PLoT ts catled A 
TeGr TrAvecToryY ANd LOOKS LiKe Tre follLOwiInG +: 


IN Which 


Mis sede Low 
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The iNTerpervANION of This funcnon US A tite DitticurT Ar This 
Time, |v 1S belkEVED That The Hicher kre VALUES of mt ATE NOTHING 
Moré THAN ExCcITED STATES of SOME GrouwD STATE. There 1S Some 
EXPEIMENTHL EVIDEWCE THAT This is TYUE. IN HIGher cwereY PhYSICS There 
Are Curious ocTeTs of Parncles WAT APPEAY To bE YELATED. Two OCTETS 
in PATT\CULAT fre MESONS WIth AwoevtAr MOMENTUM | A=0, AnD A=1. 
PiCcTOvIALLY The Two fSeTS CAN be represenTeD AS 


Wo 


No — ee ee 
ie Se a eee Tr 
{-o - Se ea oP Pe 
= SSK 
— oe —— rt 
Ti TT 1] 


EXPEriMENTALLY The Curve hAge been deTer minen tor Ae he: 12,3 
AND Successivety higher YesonfAnces tor Whech R= 4 And 5. So 
whil€ There 1S AN INTETESTING COINCIDENCE IN The DifferenTiAt EQuATIONS 
mATbe The ANALOGY ShouLD be Pursven iN LIGhT of The recenT ; 
ADV AnicemMenTs IN hich: Eweroy Phisics. AT LEAST IT ShouLd be 
Pursven To The POINT Where The fAwiloG?r breAKS Down, Sometimes 

IT 1S EAStEY TO SEE The GENETALITY IN A CeErTAIM MAThe MATICAL Ex pressi0N 
TARN IT 1S To AND fF sPecs fic PhrysicAl Problem Which obeys THAT 
Gener AuiT¥y, Tris 18 PFTEn The mifticutT Point where MATHEMATICIANS 
fall To MAKE ANY SENSE OLT OF Physics, 


Ancutar Momentum wa circularly Polanite) Guiped WAVES 
AMD AN EXTENSION TO QUANTUM MECHANICS 


We WAVE SEEN how The ChaAraAcTerIsIic mones of A GUIDED wave CAN 

Some hOw be vElATED TO PARTICLE MASS, WE MICGhT WONDER WhaAT 
happens Tren To A Wve TnaT has igs €LECTTIE FIELD VEeCTor TOTRTING 
AS iT PrOPAGATES DOWN The Pipe. cerTAINLY A PANICLE oder come 
TOTATION hAS A CECTAIN ANGUYUL AY MomMEenTUM ASSOCIATED with IT, 
Then Shoulp A Guibden have hAVE & CerTAIN ANGULTY Momentum ? 
The frmswrer tS indeed oF DoeS, However For The cA se of A Wve in 
R SQuavE GYIRDE The CAN Absorbs Tre ANGULAY MOMENTUM. RoT IN 
The CASE OF A CIRCULAYLY GuIDen WAVE, The fANGuULRY NnomeéwTUN 

Witt be CAtTNen DoOwN The WAVE PPE. 


A circularly PolArizen wive CAN be expressed AS A TEAL fhrid 
IMAGIN ATS PATT E edwt - Ke) 
x . 


z élwt - Ke) : 
Ey:ee = ORES ¥ ) 


= COS Cwt-KG) 


9 


The 


STYENGTh of The Ex find Ey Thus vary SinvSomwly TO Give The 
NéE® vesutT of fA roTRNON of The E 


IN The AY PLANE NormMAL TO The 
DirecNom of ProPAGATION. The sense of The roTATION IS DETErm INED by 
The TiGhT And Left hd rule with Tre Thomb POIMNNG IN The 
DivECNOnN oF PFOPAGATION AND The 


Coet FINGErS COrline IN The Direcnon 
of TOTRNON. 


I'd LiKE To Show Pou TAT The ANGULAT MOMENTUM cArrieD by Te 
wAve 1S PRoporTonAL To The €Werer in Tne wave 


by Yur. Thar 
ts To SAY Tre cATE AT Which Gwerey IS BEING fbSorbed 13 EQuIVALEWT 
TO The TorQué ON The ELectric fen, 


suppose AN ftom FESpowD TO AN ECXTENAL Ffietp tike An OSCILLATOR TO 
A PYivine ferceé, AS The Chfrce (S ‘DISPLACED 
To 


IT TEwDS TO féTUCN 
ITS EQUILIbeiUm COMDITION but Tne 


EXT NAL force 1S foTAMNG 
So 'T THES To follow by TurminG but AUN AYS LAGS by Some 
ANGLE, 9, The vElocitY AT wraith The OscillATOr Turns iS U= Aw, 
Mow the work Dome Per SeconR oN The ATOM 


is JusT 
FSino- Vv 


bec 
Bur vecarc AlSo ThAT The 


rate of chitrce of The ANGoLAr 
MomMéenTUM iS VUST The TOrQVE,L so War 


R Ame 


zé Ame Rw 


ks Fs 


= gERAM ®O 
SO we AVE 


oR 
Power Absorbed = Meets gen, 


WE CAN FELATE THIS 'DER TO The Theory of The PhoTON Which 15 
NUST LIGhT find behfves IN A WhiveLiKe MANNER, EACH Phoron carries 
AN ENErcY 


E equvAlenT TO Rud, By Avftosey Then Hh must be 
IN UNITS OF ANGULAT MOMENTUM | IN facr only 


INTEGrFAL MULTIPLES 
oF W Ave PermitteD ACcorDIng To QuftuTUM Theory, To SAY ThAT 
A PhOTOAI 1S 


TIGhHF or Leff circulArlp PoltATItEed 7s TO SAY IT HAS 

A Spin +h or ~h, resPecnuely, These Two SMTES of SPIN ATE The 

ONLY ONES PermiSTED for A Photon. 
Ar This Pont 


» Guess 1 have FINIShKeED WhAT 
About Elecrriciry, | 


1 WANT TO SAy 
haven't SMD Much AbovT MAGNENSM 30 tAr AND 
IT MIGHT bE Goom To bo SO before 1 


Go IMTO @uAnrum Theory. 
So UNLESS There Are Any MOre QVUESTIVNS — 


Z0 


ON The PredIcNON of MAaemenc Monopotres 


The Possibility of MAGNENC MoNnDPOLES EXISTING WAS HirsT POSTLLATED 


by Dir AC. Te S€e how Tre reASONING tor The ExisTewce of SUCh f Thine 


CONSIDER The INTETATTION AFA charce PATcle ANd MoMoPOLE of 
STTENGTH A. 


The Limes of MAGNETIC ANd ElEcTrIEe fiELD frre DirecTED FADIALY 
trom The charce cenTefs. 


IM The reGton Where The 
Space Throuc h The 


If We CALCULATE The POYNTING VECTOR S= EK 
LINGS Cross ANd INTEGVATE over ALL The 
HomesT firm ABouT The X AKIS You fimDd A 
NET ANGULAF MomessTUM About XK Which tS PrOpornomALl TO jm. 
This tS VosT A NUMbE- And SUrPrisiINGLY 


inde pewdenT of The 
SepfrAanoN DISTANCE ,@. 


Since Dirac TRADGHT Tht The fmoutar 
MOMENTUM MUST be ex presSep IM UNITS of R for ConsisTewcy with 
Quawtum MechAnics, he found The STVENGh DF The MONOPOLE TO be 


A WAY yo Prove This Same FESULT Is To Consider The Electric 
Chfrce T be Stowly romMTen AbouvT The Monopole AE réapnivs & 


fd wilh A velociTY Us aw. SINCE The B-fiecd 15s DirEecTED 
TADIALLY OYTwArD IN The 


xX direcnon The force on The charoe 
1s Fe g UXB = gue 
SINCE The Ter@ue AbouvT MA 15 JUST Par 
LT: gua = BM wd 
SINCE Tor@ve 1S Simpy ANG ULAT MOMENTUM Times 


w wehave ThAL 
AAG =Ll 
AGAIN IND@E pendent of The SpALING Q. 


RecAuinGe That RC/e = 1372 , we see ThaT A MAGNENc MondpoLeE 
iS 137 TIMES STYONGEY TnAN ©. ClEfyly SoCh A PAYTICLE woud LefvEe 
visible TVACKS IM ClouUMm chfmbers,eTC. SINCE NO Soch retcNons 
have beew observed the existence oF MoMOpoles HAVE bEEN ruled OUT, 


Al 


ot. IL ChApT 28 
ELECTROMAGNETIC MASS Rey. ¥ 


We Wave Two more before we break for VACATIONS 
So i'd (IKE To fool ArouND WITKR ANYTHING You WANT To DISCU5S 
betdoye ( STAT INTO MAGNENSM LAST TIME | WAS ASKED TO 


The MOMENTUM ANd FieLD ASSOCIATED wWITh AN ELECIYORI 
so '*LL De ThAT. 


lectures 


DISCUSS 


leT'S FiesT CALCULATE The Enercy IN The ELECTYOMAGANENC FIELD 
of A ChArGEN PATTICLE, Suppose THAT A chArGeE g (S DisTribuTeD 
om The surface Of A BALL wth raApis O. The TRTAL Ewerey IS 


Given by esi) 
Ui = €e f E*dvot + €oc® f B*dvot 
z u 


twst LéT!S comsiner A PArnce AT fest soThHAT B= UXE ts 


Zero, Since The €recTRic herd 1S Given As 
Ex £ 
460 
tor 


A charceD bALC WE have 


ws & ¥ [ae ae sae 


v (4Eo)* Af 4Tibo ta 
14 we voSE The S¥ymbot e* T pvpenore 8°/anes , Then WE CAN 
write U =. ee 
LQ 
From recATNvITY We KNOW ThAT ASSOCIATED WITR ENEBGY IS A 
MASS GIveN by 
. i & 2 
Mm: = = 
ct 


1f we soiven for The CADIUS of The ELecTYON WE woud SiND ThaT 
Qa ~ £4 x10 cw 


I'd mow LiKe TO ComPUTE The Enercy for A Mouine chaArce Which 


has IN ADDITION To ITS ELECTMC FlecD A MAGNENC flELD, We WANT To 


SEE how The MASS INCYEASES WIiTh VELOCITY, The mAsnwernc sips 
FieLn 1S GIivEeN BY BRB: 


TKXE, The Mhenitude of B is 
ct 
1B) = 16) ¢7°p~RO 
ce 
SoTwaT 181° = IEI* 7? pwrite 


= fs )* v* pntO. We see Thar 
<4 ATi fo 
since (tBl* 1S PrOPOrFNOMAL To yw ane 


Eneret Term vermGg AVE To The 
The Movince *+1€c9, 


c4 
CAN Thin otf The ADDED 
KINETIC ENEY6Y ASSOCIATED WITh 


AZ 


if we Now CArry ovt The INTEGrAL 
Vs & j (E* + ctR*) duoc 


We GET trom The secomn Term 


iT: =| c* ve awn*e a th amedentda = 
c4 C4Ti€o) At 
t 
u t ‘ i 
= & c 
: ae E = Suto d (cose) = = E* Ccose - 5) 
Cc =} 4 eM *2 S71 - 


In oFhe r worDpS The mMAGCNENC To ELlecTrosTANC ENéercy IS 
g* ._ 2 a 


eS ee 


The TOTAL ENEeroy U is SYST E* +B or 


ws 2° + t= e~ 


ct 


The PTL MASS ASSKIATED wim Tis ENEroY 15 


ws Z@ve 
=X Meec Ft a zx Mr evec 
wher e€ ag is The €lecivoMAGNETIC MASS ,Mevec. 


ct 
Bul ff PUttLENG Thine hAS HAPPENED. ApparewTiy The ONLY MASS 
MeASuyAbLE 1S Due TO M ELEctrromAGNEeNc Evercy. |su'T There ANY 
CONVENTIAL MASS LIKE ThAT ASSOCIATED WITH NECA AND ProPornonaL 
TO The KINETIC EWERGY LIKE Mec, = tC E/ygr ¢ 


LeT's Look AT The Provlem from ver ANOTHer POINT of view. WE 
Know That MOMENTUM IS rELATED TO MASS by The ObvecTS MOTION: 
Let's Then FinD The Momentum DewsiTY INTHE HELD ATOUND A MOVING 
ChATGE. where. ee 

3 = @ EXS 


MOMENTUM DENSITY. [4 We InTEGrATE The S¥Ymmetric field over 


1S The 
ALL SPACE, The reSuLTANT MOmMEenTUmM PATALLEL Jo T 1S 
Pp = y 9 dvol = €e J iene ante 2Tas desmeda. 
Since E (tS INDE PewpenT of © tor VUecc We have 
P> get yp itera 
3-Zact 3 act 


Bow WE have Another form for The €LeCcTromfienrenc MASS AND A 
TOTAL OF Three ALITOGEThEr: 


43 


BY recAnviTy Ww = 


BY TOL &EreyY 


Wis Se" 
Sacr 
& Momentum ee 
3 ace 
For Three pifterent 


ApproAches we found Three DittevenT ANGWERS. 


Which 1S @iehT? well, from fA hisTOrICAL POINT of VeEW We OVGhT 


To DiscAyD& The FELATIVISMC YésuULT bEecLSE Al 1890 YELATIVITY WAS 
NOT KNOWAM. 


When ATTEMPTS We made To DETERMINE The mASS by STOPPING The obsECTE 
The ANSWETS WETE INCONSISTENT, LorenTt TEALIZED THAT When GoInG TD 
hicher vevociTies The sPhevicAl BALL becomes SQUASHED INTO AN 
ELLIPSOID «AND The MomewTum 3 ALTereo by & fACPOr (I- TYa)” He, 


pS See 
cl (eee 7. Ais 


The WAY. WHAT EINSTEIM foun d wAs 
The GenGrALiTies IN The LorémssTE TrAWS fo rMANONS. 


This wAS ALi before Eimsnen by 


The vifticulTY IN The MASS: 


beriven 
ASSUMED 


VSING FELATIVITY TO bEGIMN WIrTk 
No unbdm ANCE forces PTESENT To chivGe The Momeytum DewsiITY. 


Bur There Ave ferceS frounB Which hOLD The charce ON The ball, 
To be consiSTewT WE Must INCLUDE These forces, CALLED Powicards STresses, 
which hod The ball ToGeTer. These €xTrA NON Electrical Forces have 


AN ENGTGY ASSOCIATED WITh Them THAT When ADDED TO The eLecTromAenenc 
Enerey Give The FIGHT MASSE” To 


SumMMmATIEtEG Then 


AT fesT Dee + U stress > Utrera os 
IN MOTION - Pits) 72. = Vee 
VU, Ce) # (Ea) PEO) I et: c 
as (ar) T Psiress (U0) is eo Ti-7 (lie 
thee 
For A 


DISCUSSION Of Whether “IS 


AMY ELéctTromMAGNENC MASS See 
The reference PAGe t8r 0 


zy 


6. MAGNETOSTATICS 


So fay we hAve onty TALKED AbouT ELECTHcITY ANd Now I'd LIKE 
To STAYT DISCUSSING MAGNETISM AND The MAGNENC Property of MATTER, 


This with LEAD VS INTO Quantum Theory because MAY Phenomena cAMNOT 
be ANALY¢tEnD USING ALASSICAL Physics. 


BEGINNING with MAXWELL'S EQUATIONS, & S 

= = = = = ens ee 4 

VE= Veo V8to  GFxE == °8/gr VAR > Fy + Yeoct 
WE Witl first SimeurtyY The DiscussiON bY ASSUMING The CuvvewTS 
Are sTéERDy, 18.) MovinG AT # CONSTANT VewociTY, 7 fd Pe fre There fore, 
Independent of MME ANd Tre LAW of ConseruATION of ChArce 
Shows TAT veq > %%s =0 


WHICh INDICATES ThAT There ISN'T ANY ChAYGE PILiNG up Anywhere. We 


cAlL This SpéecifAl CASE FL AGNETOSTANCS, The fMthove EQuANOMS become 


SepavABLe INTO Two PAirs: owe fer The MAGNENC Fleird ANd ONE forthe 
ELecmic frecd: 


V°E= 7/€ Vv x £=0 and v°B =o _ UB - thc 
IM ELecTrOSTATICS we Siw That VXE=0 we could write E AS A 
GrAoienT, €=-V7P And the Pair oF EQuarions Reduced Tm V*P=-%, 
Since VB #O We cAN'T De The same ANd write RAS A CraADIewr. 
Bur we cAN wrrTe iF AS A Corl SINCE FB ney cer ix = Yx A. Then 
VXUXA = -VA + VOVA)= Glecr 
we cA A The vecror POTENNAL Awd have WIScussed IT be fore. 
iT would be he Lptur To choos€ A GAVGE SUCh THAT DA =o ANd 


The AROvE EQYATION bEecoOmMEeES ANALAGOUS TO ELectvosTANCS. This ts 
cAWEeD The Covlomb GAUGE, IT Léives us wiTh 


ery. Sri 4 descr 
coord)INATES This EQUATIONS MEANS 
V ‘Ax = Ar fcr V'Ay = desc? VA, = Gojoe 


IN CYLINDRICAL of SPherICAl 
SO EASILY 


In yecTANGuLl fv 


Coordin ATES WE CAN'T MAKE The SepfrATion 


SINCE YADIDL Componéwrs CAn be ProvecTED ONTO The differen’ 
Ayes, Romin The Generac form of These EQUANONS IS JusT LIKE 


Vid=P(Eo which we soitved Previous 
poy = + ' ace dla 


4TiEo 


f Row 

d, Thereyore, . 

Ang, A, cay es» dx Cel dVv 
4t€oc* Aire 


ANd The same for Ay é Ay. 


£5 


MAecnenc FIELD From AWwITe 


I'd LIKE To work A Problem Now TO Show You how This works. 


lers TAKE & STTAIGHT WIRE of radius q@ ANd LENGTH IN bWNITELY LONG, 
The wire caArriésS A STEMDY curresT T, 


Sinte The Current YUNS ALONG The 


ARIS WE GUESS TIGHT 
AwAX hat 


Ay=Ay =O. RY ANALOGY To The ELECTricAl Probien 
of A LONG Thin charce disTmibunoN P which ts The chATGE PER a4 
UMIT LENGTh The E€lecrric Fiecd AT A vANIUS RL IS 


g= 2 a 


4T1é, 
Wh ere 4 2 AT ve 


Sweoe The PoTewNAr QO |S di f{erenmtiTedD TO GET EF, wehive 


ThAT —E- -¢.@ 
Af 
FS 
OR, q 2-3 ae ihe 
un Co 


\We CAN ere fore con(lude That ‘or The MAGNETIC CASE 


Ee . he 
BP ee nn = SE Jn Ctr9?) 
LNs C* 21Ti €o¢* 
Now Qe can COmpuTe x, 
Be Ay - ahy =0 
o° ‘os ay 
By = aA, a cL i 
a ¥ UT eoxy Ne 
hi « = 8% 
re: i ae 
UHeoc* A* 
The MAGNITUde OF BH 1S GIVEN As 
ye)" is B, : I 
= + = — — 
. J ATi es c® (L 


if WE LooK DOWN ALONG The Wire WE See 73 1M The 4,% PLANE, 


Ar A Givem reanivs R The B is of Tre SAME INTENSITY SO IT circu ATES 
IN A cicLée, Since Bis SYMMEerrIcAL There CAN'T he frwy flux rADifur 
ouTWatd Like E. WE chin chince To A LINE INTEGVAL find GET 


§ Bat =a) j-nda 


This Tews vS how much cutrewT 1% COMING ThrovGh The Aref of i he 
Cw clE of Civcumferen te UIN, LE, 


«> 
Seat * Seu 
Ss 5 


eheac 
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Usine This SAME INTEGFAL inside The Wire we tind 


B7zyje: IT nt 
atéoc” 
Then = ca 
3 tae 
Ha ac 


The B 1S LinGAr IN PiISMVCE TilL it reaches The surface TheN 1T Fats 
AS Un 

The INTEGYAL CAM be USED TO CALCULATE The fied ot A soLremorD 
wiTh N porns, If The Sovewotd tS wound ArOUNd A TORUS The 


Srerd is Gwen exAacmr = ge RE 


uu 
4 Be de (a) (J 


I} The AAdius © GeT VErY RIG The SoLléwoip APPFOKIMATES 
A SITAIGhT SOLENOIM So The formULA IS Good there Aso. 


The +icip From A SMALL LOOP 


Suppose we hAve ONE SMALL Loop of wire CAYTYING A x 
current IT find we want TO KNowmAT B IS ter away. 
We covid find If by cALCULATING A iz, fava. 
A (Ar) = j Ids 
= — - = ir 
since 13> VxA And Vt 2 R 
> me eh = L 
a at T fer yid 
B lar) = j ts 
Ah Ee 
Now Ru ts Ar-hi, If we are very fr Away For Me Loop, 
Then Al, 6S ES SENMMALLT Axed. The INTESCTAL fer x d& \S ZERO, 
The INTEGrAL over Tinxdhks Yitetds The Ares of The loop 


Times The Curren, 


The ANMLOGe IN ELECTIICITY tS The ELEcTYIC DIPOLE whichIS Givew 

a Ge fle wih “Eevee [2 - ie The fiesT 
ree A Ad o 

Term 1S The ON fKIS Term fid The Secont iNCLude ELevATON fnole 


VATIANONS. P here 15 The Electric Dipore fwd 1s B. Now 
we hve A MAsNenc dipolLé M of STrencTh TL Cana)ef Lov) 
f= Dwar 


There bere, We CHM wnTe wactal 


The wreorat EquaTion for B ys, 


Set Kaeee =. 2 J dam ay 
Teo a2 ITE AX 


has & NAME And & CALLED Me BRior—-S AvarT lAW. IT ts fairly 
UsEFu, When ANdING B for AN! odd Shape Curreurdistri Suenos. 


The twe@ of A MAGNENC MOMENT t) IMPOrTANT IN ATOMIC Theory 
SINCE ATOMS hehAve AS SMALL MAGNETS Win &F MOMaNT GlYEew by 


AA= LT oma 


lf we hve A Model OF AN ELECTION GOING Around IN & circle 
oF radius GQ with verocilY V The current PASSING A PoInT IM 
ONE $Eeconh IS xe ~ gu 


_ 


CTO 


Th 2 
a A= TOL = UV 


“€a c* Eo c™ 


Wf we MuLnPly by Tre Mass M fd VEeCALL ThAT The ANouLAr 
romenwm IS dehneo AS J = maw , Then we CAW wNTe 


forte F 

Mer ZEoce 
Therefore We find The MAGNETIC MomenT Of A civcULATING 
ELECTYON 13 Direct. y RELATED To 175 AWNGEVUL FY MOMEewTUMH 
Thaouekh for DRmMawmLe Physical ComsrANnrs 


if The GlecTrON tS PUT INTO A MAGNENC fieLD ® tT wree 
be seen to Precess About RB AT A cEeRTHIN vaATE wp. ThaT 1s, 


The ELECTTON ITSELF ISSPTNNING AleouoT ITS AXIS ANd resists Tne 
Tor QVE ON IT ith, 


a 


lor que = TS pa SIMO = { We SING 
oR Sp: RE 


SINCE =B IS KNOW ANd wel deTerminfible m meh AccurAcies, 
A find 4 cAw be Precisety KNOWN. 


A8& 


7. INTRODUCTON To QuAnTuUM Mechanics 


The LAST TimE wl MET WE WEE DISCUSSING MAGN ETOSIANICS 
Awd | hAd PAAN D ConTINVE OW WiITh MAGNENSM UNTIL WE CAME TO 
QoAntum Treory. BoT | have decided L'd réther 
Theory so That 15 What "Le Do. 
ELEMENTARY? Covrsé in PHYSICS 
Gvawrom Theory, Today 
*spects of The Subyecr 


becint with Quantum 
Siwce Thi} 'S Suppose To be An 
MLL beGin with Some EtemenTir?7 

| won'T GIVE A LEcTure on The deepesT 


As vou ALL BrobAbly Know The behavior of Thines IS very piflerenT 
on The Atomic FCALE Than IT 1S ON The 


Tre Wortd does WOT behAve LIKE bwitii Ard » ALLS, WATE WAVES, Or 
other MACYOScopie ENNNES When viewed own An ATOMIC LeveL, The 
SUbyecT 1S COntosed by Our OWN INTVINON which CAM ONLY ATTEMp). 
TO Give MEANING To Ts ATOMIC World bASEd ON Ker bit world 
ARALOGS So we Try To mAKE MAdELS! We SAY The ATOM 1S LIKE 
fl MASS ON A SPrinc tree To Vibrate, BoT Tris Model DOES NOT hetP 
US GeT Closey TO WANderSMisdiInG The rear behavior of Ai’ MrOMES 
There (IS NO why TO GET PerpeqVALLY GLloseR TT YEeniTY bY Such 
IdeaLrt ANNs. IT 1s hfvd tor The humm brAIN — boT iT 1S The ONLY 
brRIN we hfve So we’lLLE hAve TO MAKE do. 30 The fysT Thine 
TO Under STANG SArid¢ AbouoT QuArT¥m Mechfmics 15 Thar There Aa 


NO wht TR EASILY UNSER undersThod 1) - SomeTRING LIKE Your wifé! 
The owe wft¥ To AccurATELY describe Te 


1s IN ITS OwN WAY, 


Larce of MACYTOSCOPIC SCALE, 


Quélrtum Mechfrrcal atom 


MLL TALK Abour Tre ftom IN A SEmi-Sloppy WAY ,1-8., NouAG 
WILL bE MGhT OF WONG. If You GeT comfosed, You Are ProbaAbil 
ON The FIGHT TACK, NExT TIME 1&1 Give MosT QuAINES of A 
QofwTum mechmaicAl (Q.M.) Sy¥STéem. This Means I'L Teel The story 
Nor AS PArnclLé5 dnd NoT AS WAVES - I'kt Tecl iy AS IT OS. 

AlTmouch The arom is Not LiKE A 
CevT™in Pheniomenn aA we Chy GeT A Good 


If we compare iT TO A pavricte or wave, 
MUMber of SLOP PY 


PArTICLE or WAVE, IN EXPLAINING 
ide A how 1.3 behAveES 
iT 1S Good TO hfve A 
MOdELS if Youunderstimd EACh MODELS LIMITIMONS. 

Our CLASSICAL MOdEL of The ATOM has 
A NUCLEUS. The ElecTYrON Ccrenjes A ClouUDOt NEGHNVE ChATGe Whith 
Cam ShAKE back fod torTh in So dune iT CAN EAT LIGhT. As 
ENErey 1S THDIATED AWAY From The ATOM The ELECTYON must STATT To 
SPIVAL IN” TOWAfds The NUCLEUS, BuT When ExAMINNG The Spectrum 
oF HYDro~eN WE boN'T SEE ALE Sorts of Freq vencies chaArAcreristic 


oF DikterenT OF biT, The Hyprocen SPEcTrum 1g Characrer:zedD by onvy 
A few frequenci€s. 


fm elecivop MovVING Around 


AY 


Our modet Does NOT wWoRK, Whil€ IT BoE Give The richT 
PoLAarithTION SENSE To The YADIATED ELECTTOMAGNETIC WAVES trom 
rAd ANNG ftom, 1T IS NOT ftccUrATE ENoUGh, Se we chfee oor model ; 
To GeT The TichT frequavcy we Assume The ELECTTON IS SOME howd 
CONNECTED To The NUCLELVS by A SPFING, The covplen SPTING- MASS 
SYSTEM NOW osciLiATes AT A ChArACTEvISNC frequency. As you 
Rember Remember IN Over DiscusSionS of SCATETING Theory, WE modeted 
The Tom AS A SPRING-MASS OSCILLATORS ANd Worked ouT A tor oF 
INTETESTANG Tnincs. BuT AlL IS NOT RIGHT, WE SMILE CAn’r ExpLAin 
how The ATOM 1S WONItED,4€., Ald CLecTTON vemoved trom The Arom. 
Po WE hftve TO break Tne SPFING $ iF we vo TeAT, The S PING 15 
Now-linéfr fwd we GeT IM ALL SovTS ot TrovbeG. AGAIN, you 
MUST Wow The LIMITATIONS of YOor MOdEL. 


So tir WE hfvE oNnlt TALKED AbouT ONE trequency CharActerisnc 
of The ftom buT cOULd AN fiom have MANY MOdEeS oF vibrATION find 
Therefore frequencies Which Are Somehow LELATEd. The finswer IS, 
of course Yes. So we most book Closer AT These freQuancies., 

If A s¥sTem vibrates AT Two Frequencies WW, find Wi, WE CAN 
feud # Tratd freqoquliGS W3 Which EQUALS WetwWr, ANoTmer 
PosStbiliTY iS ThAT Wratwrse Wat Wy & clASSIcAL SY¥ST&™ be hAUNG 

LiKe This 1S SHO TT be NON-LINGAY, ThAT 1S, Some VibranoNn MAS AN 
AmriLindde xX = coswit F CoswWat Where we Wow hive fA VAdIATON 
Tétm PropornmonAl To The Cmoss PFOdVCT TETM , CoSuwat casgwd,t. 

Which we CAw wriTEe AS CoS Wt COS Wit = COS CWi-Wi)t t Cos(witWi)T, 
This 18 how we GeT bear Trequenci€S. Owe TYPE ot frequencl 
COMBINATION THAT WE DON’T GET 1S CwWrtWe chArACTErINC of fin 

x? Tern. 

Our ExAmwinion of DiffevenT Modeis hnS NOw Led us Fo The 
Pont where we find The Atom SttinG® im STATES oF DISFECENT 
EN€vGY , CALL Trem 6.,, Eu, Ex ,eTcC, Here | hfive ftssume d The STATE 
of The INTEr NAL MOTION of fin fiom Cin be detned by iTS Enetor. 
Furthkey We MUST PéermiT SOME Mechfnism for Chfineine Enero E& 
srares. We wre Led TO Tne SensfAnonmfpAl formula Ey 


Ey -Ei = FR Ws, WIN 


Whevt Ws, 1s The Characreristic Frequency of The EmireD ENErOY, — §; 


Wa, ts The Difference im Hreq vevuiey Wz And Ww. chAracrerisnc 
ot Te Two ENerod STATES E3, And Ee, ut, Ess hws and E> WW 
So Th AT Ex,-bi = h 6w3-wH,) 
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We CAN Now beGin To UNdersTANd The CASE Where witWit Wat Wa. 


Maybe the Atom Diow'T GET ALL THe WAY TO STATE | trom 3 buT STopped 


AT fr INTéEemMedi ATE STATE Er, Then we Would have 


Es-Er.> WW = hl w;-wy E, 
Er- Er. = wv Wai +h Cwr - wh) 
\F we Ab These EQuAMONS WE CET The Sfme as betore, né, FE. 
E3;-6,> HR (wy-wi) = hy, 


a 
Notice Etch Photon beine ExitTed comes ovT with A UNIQUE frequency fd 
This EXPLIANS WAY WE Don'T GeT ANN Dovubie trequency COMbINATIONS. 


The fact TAT The GmuitTed 
WAS NOT Proven UNTIL The ExperimenTS With photocerls. In Mus Experinenr 
CECA were Bombarded AGMNTS AL conductor Ayia The EleASEed E1€cTrens 
hid @ fvequency Given by (Estar - Geng J =o . Mis iS # very VAM 
CLASSICAL esutT SINCE IT WAS beLIGved ThaT AA hieher INTENSITY 
bombirdingw .befm WoOvtd repfleAse more elecTrOMs. 


PhoTON wAS ChAraAcTerisne ot Hregoumwcy 


BY COMPATING ExPerimenTs which Used Hombardi nce befmsot Elec TrONS 
AWd PhoTONS ATOMS Were Excited TO different STATES Characterized 
by varguvett détimed Ewereie€s, Thus ASSOCIATEd WiTw The €LEecTrON 
ANd PhoTON were ChAracTernsncd Frequencies find ENErG1ES 
reLaTed by The focmutf 

H«( treguancy of Twine) = Enerey of WING 


Now we hitve f& Probtem. IN The Phovd Gi€KTriC etfecT MenTONéd 


Above The LUGhT of PhoTON AcTEd Like TAIN, j.€-, Particles having 
Aw €NnGro’ E> Rw. The rian dvop fi fllogy 


Could be €*plhinéd IN 
TErmMS of Eero’ buT NOT 


mw Terms of trequency, The frequency 

of The phorom 18 ASSOCIATED with The wave Nature ot The phoron , 
The wive vAvies SipusoivAllLy IM Time as e7**t Bur The 
CONNECTION beTWEew EWerort find frequency 8 NOT ALL, This 5 

Nor A relLanuvisrichiy swvAviAnT comcepT AS WE hive devetoped, 
Ome Man's ENERMGY IS NOT ANoTher Mans ENEercy if The oTher ntn 

IS obServinG Thing from f# MovING Coordin#ATe SYSTEM. The more 
ACcurATe whve EO9VYATON FOr A PhOTON 18 Propor FIONAL TO ent fwt- KE) 
Woby wrsetf tS Mor relAnviSTIcALLY INVATIANT bor IT 1s The Time 
COMPONENT OF A frour vecTOr Which WW iINVAMAMT. The Space ComponewTs 
of The four vecror IS Givéw by The whve NuUMbers Kx, Ki, And ke. 


The ThinSdormaAnioN EQUATIONS tor The Frequency - w five Number fovr- 
Vector 15 


w's w- woke Ke: Ke- Ye : ‘ 


: B= Ma Ry 
{j= er F492 


Twis describes how The WAVE Would LOOK TO A PASSING observer, 
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ForTunAtery toy us ENévery ts The Time componewT of The mOmenTUM 


four -vecToR. THAIS 18 Good. CFher wise velanviryY would wor be constsTenT,. 


We Now Afive developed fA LoGiuaAt fd SOUNd YeASON for EQuAnNe 


WAVE MOMENTUM TO WAVE NUMber br The ULE 
aa — 
P>RHK 


This Fforlows virectly trom The prior EQUANON ot frequency find 
ENEVGY, The ELEcTTON ,wWhich IS Perhaps More EfS¥ T Describe in 
Terms of Enevey And momentum, POES have A Wave Number K, fed 
FrequewlY,W, ASSOCIATED with IT That YietdsS CérTMN w hve Chir ceri srics, 
An &PenmenT To verify This unusual ProPeri¥e ot PArncles fd wives IS 
qo SCATTEr ELECTYONS MWA K-vYs of A CrYSTAL, The diffraction Phiten 
Are VITTUALLY IdeAITICAL. Rom ExhibiT A CohevemT VETLECTION obeyine 


Th 
e condinon TrnaAT 2d Sito = HA \ 


Where d iS Tre S€PArfimon diSTHVCeE heTwteEN PLANES. 


We Are Led TO f VErTY INTETESTING CONCLUSION AS A 
YESuLT oF Taig LINE of TERSONING — AilL ObVECTS j.£, = 
Phorons, ELECTrONS, NEVTIVONS , YrOTON, ATOM, €TC, Under 
CEvTAIN CITCUM STANCES be Are besT described bY waves 
fe AT OTher TWMES by PATTICLES, 


| wihttT To COMMNVE ON find PIS CVSS SOME More Coriovs Thines 
fibour ATOMS. WE Wve Lenrned Thr ENETCY LEVELS ASSOCIATED wilh 
SPECTYAL LINES Show -fA Wich decree of TEGUERMrIiTIES. For The hydvocert 
Trese Eweroy Levels Are rAthe r TemArKAbDLY find sim per sefimed AS 
E& 2: — Rridbeco 
n* 
Where The NUMEerATer IS Some SONSIANT Term while N «is fr Whore 
INTEGET. No olvey ATOM IS Like Twis but Wh Should Twis be True for 
hydrogen? Tw seT The CluGé which wAS Tne becinnin® ot The end 
For NAToUrE. 
RyMersord SET ovt PSOLVE Trig MYSTErY bY modéeLLING 
his ATom With The clecrvom GyculLATING The MucievsS, The 
dynamic Lnws which baiance The forces Weve wrtiTen, KE, 


2 & 
Feenstra Cc DYNAMIC 
By 2. my Coesmflucal force) 
Atiéo RE AR 
sid ~ esr 
“a ® 


The Were ASSOCIATED WITW TiS MOTION IS VST 
E> tmvyt- e> = ~ mvt 
“ RK “RR 
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Now SUPPOSE Thar The momMENTUum hAS A WAVE Number ASSOCIATED 


WiTh 11 - Wwe JuST Proved Tris Idea WAS CONSISTENT With reapnvity. 
Then we myst hve THAT 
mv = Ah = uh - WK 
a » 


We're one ATE WAY. It WE CAN Now CrAttly im ARGINE ToAT ONLY 
detinire discrere VALVES For The AWNGULAY MOMEentTVM Are PoOSssIDLE, 
Tren The whve MusT Some-how fir nicely INTO The Circle. This with 


OWLY he t 
PPen tt wa 2 tw 


PuTTiInG® These rEeSUtTS ToGeTheR we See THAT twmdeed Tne fu cular 
Momentum MUST he CONSTYANEd To C&rTMnN VALUES, 


mrr= nh 
THiS 1S Tre So-cALLEd QUANTZATION RULE Of ANGULAT MOMENTUM. 


LeT'S Go -eeee @N —- dfn The Torpedoes —- Add PoT The 
dYNAMC LS ToGether with This QUAWTEAMON FULE , 


mu‘: ce 2. mret 


R nh 
nh 
The Eneroy LevetS Are finery derived, 
4 i 
Be -me = =({ SS, aae 
it ah nH 


The QUESTION WE ANRLLY hive TO AWS Wer 1S cme, ) EQual To The 


RYdbGre COMSTANT! The ANS wer IS YES, met (S.wew § Ths 


1S Tre GwWéroy weeded 0 10ONIEE The Wiidroeen ATOM. 


— 


So whyT NID we Lefrn i WELL we sAw ThaT ATOMS MuST 
EXIST ¢N CECTHIN STATES 3 ThaT Waves crm oney SIT sree IF 
Trex Hr tm tO whatever CONTANES Them CvenlyY : fd THAT TO Do 
So GWES TISE TO QVANNZATON rules. In ESSEuce whaT we ha VE 
described xv TWO SDIMGwSIONAL Sifnld ING Wve Where we hive been 
storpPY And iGNored Ant rAdi Al ComPonenTs. After Rutmerterd 
MAde HIS Discovery SchroedinGeéer FinhilLy came Around Two Years 
lATer And wrO0TE The Three dIMEWSIONRE WAVE EQUATION TO describe 
These STmWdine waves wW difterennar forwM. That was A Great 
Honest 
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b hAve beeN TOYING WiITRK Te tdeA THAT IT Wootd be fon To 
Describe Qufwtum Mechanics trom a SeT oF AXIOMS. This would be 
A BAcKhiindes wit T Describe QuANTM Phenomena but iT MIGhT 
be INTETESTING. I HicghT Try TO DeveLtope This further And Try iT oT 
oN TOu buT NoT This WEEK. 


8. MAcwenc Moments find fGuLar Momenmum vet. Val chapT 34435 


LAST Time WE developed Tre IdeA THAT ff Confined SYSTEM has 
A Set of defimite ENtreyt LevelS ASSOCIATED wiTh (tT. To Tess S¥STEm 
WE Then IdenTFiéd A sTBMdinNe wfve [SEP CESENTING The LOCATION of 
Tae ELECTTON, ANd SOMehow HITING WEATLY INTD The Ctvcomference NM 
whole umTs of ANGULAY momeNTUMS h, The NUMber of Nodes n, 
IM A civclEe wAys 


N> Cia 
P3 
wnee® QO iF Tre crrcle TAdtos, find A The WAVELENGTh. 
The “momentum of The PAarnclé was J>™mva = Poa. fwd 


The two tdens were recared bY The EQUATION 


> fs ee 
a h 


Now The ide of MUGULAY Momewtum is defined of ASSOCIATED with A 
UNIQUE AKIS. If ApoTher Axis IS CoTATEd Through Some ANGLE O 
feLAnve TO The STATANG fixes | Then The new fNSULAT mMomMenreM IS 
differenT. Then The whole inteeer idet Would be desvroyed. BoT 
NAME 18 INGENIOVS ANd vYeEeguires THAT FS have ONLY ONE vALUE 
ABoot ANY AxiS, Aw EX perimewT Fo prove This phewomen JS 
feALLY The WAY NMATUTE behAvey IS Tne STEYN-GerlAch ExPEVIMENT. 
im Tas SRPSrimMewT The ATOM has A MAhenéeric mMomenT »>M, Shock 
iS properMiow AL To »TS AMeUL AT momentur | 1.¢., 


= Be 
fA= t re ee ) 7 
Where j ‘\S 4 ffcror cheracTeestic of The STATE of The ATOM. When 


The ftom iS iN A MAGNENC PO Tied Bo There is A MAONENC ENErey 
ASSOCIATED wilh Tre SYSTEM | 


Unac = 7 fe Bs ill oe 
if B&B wAS w Tre 3 pirecnon The €NEFGY would be diSTrTibuTED AS 


~ ® cos® 
ANd ALL fMGLEsS O ALL posssble IN CLASSICAL Phesecs. BuT IT WAS 
Found Tat fA hAD ONLY CerTAAN ALLOWED VALVES Givin rise TO 
TWe DISDNCT* POINTS ON The PhoTOeETfPhic PLATE, Thus The fyscurrr 
Momentum has only f finiTE ser of VALUES. 
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TWEVE 18 YET ANNO TRey EXPETIMENT THAT 
MomeNTUM cftt fsgume deHnire VALUE. 
Atom AfKeS ff Transimom 1T EmiTS A CharAcTEerTISTC Fvequeucy - we have 


TALKed AweouT TMS. Now if The TrANSITION occurs 
The characréem istic EmiSssiOm LINE 


INDICATES TratT The Ancoolar 
when We electron in & hy drocen 


im A mMAGmetic Flerd 
ACTUALLY CopsiSTS of fA NUMber 


OF pik er enT FreQuencies EACK PLESENTING TrfAwsinNons from SUGHTLY 
DitierenT 6VErGY STATES. IN EMAMINING EACH ENETOY STATE of The 


ELectroy WE sS€€ IT SplLi TING INTO SLIGKTLY Ditierent VALUES ; The 
nifterewce beimoe ASSOCIATE WITH The MAGNETIC eweret Due To 
The INTECTACTING MAGNENnc MomenT fwd The MAGMETIC fIEdd. 


@=o0 B-B. 
Aaa 
i Mao 
Aa=-| 
mre 
. mari 
1 < Mmr0 
MA>-j 
Maze 
Oo 


The TYANSINON IN The Absence of A MAenwéeTic fhecd voutd be 
STATE 2. To 1... When AA Frere BR 

lO WANSTONS AVE Possibre is. 2 th Ui, Vito, 2 lay Var ther, 
AMd C+, = Ie 1 i , Ves, She Sar Wy, Be =? eee Be 16 
CALLEAd Tne teeman effect ftNd Sorter indicares That JT St have 

OnhY DiscteTE VALVES 


trom 
is Presentbe AN Add iNONMAL 


Now i'm GOING To desembe AN ExPEriMenT Which IS So déSiIGNED Thar 
EVEVY Th ino Wippens AT ONCE, 1.£.. The PATVCLE find wWAve Pictures CANNOT 
be used TO EXpLANN WhAT hftppens. NéiTher view by ITSert WILL ExpifAin 
Tne PhemOMENA. ILL TAKE fA Source ,S, of GLECTYONS or Photons ATA 
Unique Frequency Ard * definite PoLrArIZATION, Bevond The Source 


Ss FR harner WITH TWwo holes in Ot EACK Wore has fF difimetTer Which 
'S VEY bie CcOmpAred To The bfrniér WidTh— This 1S Aw tdefiited cASé 


whieh permits ME TQ 1GNore The BATNIEY AS A SECONdATY SOurce. SINALLY 
AT Bee A DisTANCE beyond The HRrricr | 


have A deTectoR ANG 
Sc VTEen. 
| 
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When both SLITS ATE OPEN Wwe GeT A 


The ScCYEEN ThAT LooKS JusT LIke A DIftvACTNON PATTERN Uttich 
coutd be ASSOCIATED With wterferrine WAVES, The 

DissRi\bUMON Would Look LIKE The 
WS Twice WhaT wourd 
Two 


PhotacrfAphic Yecord on 


(int Ews i TY 


Sid€é SKeTCh. The yteusiry 
come from: ONE stit. HE sur one OR 


INTENSITY DISTYtbuTows fre recorded 
Now it A Phof!e MULT PLIEr fecorfdsS The 


ts stor The Olhery 


Number oF Phos 
STVI KING The Point K Per Second , WE MIehT RSK how The 
COUNTING vAaTIES usin KR. Remember Tnat 


QOESN'T COUWT, 1.2. The photon 5 
The PLATE. 


iy COUNTS, Or 


frre discveTe PATTICLES Smrikwe 
SYTELY WE would Expect The Counts Per Second 
Ay A towenonw of K TO eproduce The Summed Curve On The Side 
Ané, indice, We dO veRd Tris. So The intensity 1S ASSOCIATED 
WiITh The WumMber GT CLICKS  bAwes oF COUNTS pe, Second, 
We Are Thus fited With A Phenomena Which CleartY Gives Ruse 
to A wave Phenomena 1é., inTErference, fod AT Tne SAME TIME 
\MpLYING THAT The cause of The interference 
NATOYE - Or TO Sy 


is Thindrop LiKE IN 
iT ANd Ther WARY The whve~ PATIiclLe duaum of 
NATUTE 1S SimMuLTINEeduUsLY demonSTTATED here. For Thay Reason The 
homAN RrAim 18 BoeGled bY The iden. 


Suppose WE cooled Bown Tre 


LienT fwd MAdE IT 
most of The Time NOT MUCh 15 hfppENING, ONLY A Few CLICKS Per 
S€cowd Witt be recorded AT The WutNPuUEr, The counts feprey fre Aw 
INdICANION OF The PhoTON AerivintG AT A CermAin POINT X EAch 
S€comd. This smpliésS may You 


WEAKER SO THAT 


cAn'T” PréedicT Where Tre p RoTON 

“ILL LANdG. Tris furmer SuvGGESTS Tht MAY be Tree AE 15 

Some MechfWiSm bAcK im The Source Which TELLS The Proton where 
TO Go, WE reauy 


NEEd Some 


Tiwdom MouTioN or 
PermiTS Tre Photon To 


Mech ANISM which 
SMELL OUT which hole if shovld co Twrovekh 
So @S T Produce The IGhT curve. 


The firsT obviovs smremenTt 


That chin RE MAGE 1S THAT The 
Photon GOES Throug, ElTher hoLe | or hole 2. This 
IMPLIES 


Wy pothesis 

MrT The Probability of Arrival ot The phoTON iS 
NUST Tre S¥m Throveh EXCth TrOLE, BE. 
PS Pi te. 


1N Quiwetm Mechfmics The ide of f& PYObAbILITY of AN CvenT 
OCUUTVING CAN be 


CEP TESENTEA QUANTITATIVELY DY Me SbSOLUTE SQuUATE 
Of # LOMPLETE NuUMber CALL Ed 


fh Prob@bilitd MP lLiTUde.? caALt it a) 
The comptex fmplinde Of AN EVENT hAPpemING bY Eimer PATHS | Or IS 


PzaPir dr 
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WE Just SAID The Probability of fw EvewT Happenine was 
ProporMon AL To Igi~ So ThaT 


P= 1gl*> [Q+Ql” = IPil + Vil” + 2g gu 
Where The INdividuRL 


L 
ProbAbinines Are Pie at” And Pr=lGel. 
From whve Theory we cin VvepresenT Q in complex NOTATION AS 
e eo Where O 1S Some PhASE ANGLE INdKATIMG When The Wive 


smarted ov T fd from Which PAYT OF The Source. Exp indine Thais 
rdeA WE SEE TnenT 


; éO. cOr 
Q, ¥ Gr = Pr e + (7% e 
re 2 Bes é | : rs u 
or = OQ. etif= = 1 e.e +re > (7 +A + “Pepe c05(O,-8,) 
Fin Aud 


P- Pi r Pe + & correction TEM 
WE See WAT The QufreTum MechtmicAl CALCUL ATION Now Gives 
US A corre cTON TO he prohabolilry iP TPe, which WE Would predic 
USING CLASSICAL PAYSiIcHh, (iN TYPICAL ExPerimenTS WITH LIGhT A is 


$0 LATGE compfred TO The hole SttG MhAT OC) varies EXTY&MetYyY FrAPidtr 
ANd Whe cosine Term AvErACES oUT ; 


3 TRAT W Why we oeT The CLassicae 
YESOLT . BuT when The ExPcyimenT (8 FUN OM The TINY SCALE The resuLTS 
Aivé very mitterenT. 


TO SUMMArItE The Two imporTANT IdeAS developed here: 
I, The IAL ProbAbiliTY That 


= | Amplitide That IT CAN hftppen) 
Somethin cfm hf ppeN 


18 Aw eveuT CAN hAppen IN 


2. frWumbev ot WAYS 2, Then 
Te fmplitvde Mat ir CAN = ¥  bmpurde THAT IT happaus in 
NAPppoy AT ALL i The Manner i 


ThesGé Poms #Y€ very sSobTLE Awa VEry 
oF QuANnTmM Mechityics. IT 
wf tre meASure The 


™ pormanT TO Tre viv dersTand inc 
IS Tro bAd Thar we don'T Wave ft divect 
cOMpLex fimplitvde - 1T Would he Efsier To 
undérstfimd iF we could. Perhw#ps to expid OM The Second PeosTULATE, 


The AMpitTude Te Go from The Source TO K vIn FATR I find © CAN be 
WriITeN W Tre doLLowiNG Miner 


Qix = C fp cx<iy| Lane ci <s)] 
Pex = [ Ame (x2 | Lanpcee si] 
Px Pix i Gx 


ANd 


" 
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IN The cASE of defi wire ENeére? The fim p Liv de IS PropormounNAL 
To exp Gi dis TANCE teirt />). Where The disTAvce IS The LeneTn 
from S$ TeX vit The pfrticucay stil. Suppose we hd fA boT of 
SLITS Then ¢ dis mince 
Q = en e a 
As &N ExAmpl€ CON Sider The CASE Where The BArvier 1S GONE IN The 
Lower hatt of The ArrinGEMENT oN The Side, 


BY ComnnuIn T Add More fyd More holes The mMAKimum 
IWTENSITY 15 NOT cwcreased defin(TELY AS WE see 
f The moles be come & ComMNUUM Tren : L 


ae S$ 
a = | 


i étsnce w ie [rtyaxe 
& —> 
| € dx 


K-90 


Ht | Fa 


To & Good APProxiMATNON This INTER AL Ch be writen AS 


Vx 
zd “2 t axe 
e * | ¢ a dx 
° 
Ev ALOATING a 20 = 
Joe de ; cos tat dx + i\ Smear dx 
rs) AL ° AL 
= Atl st Ja t fel] .ffac yrs 
Sate +2 ee ee 
Since The wireGrac IS finite The intensit poes MOT CONTIWUS 


Te IMLTEASE YNbouNded. Since The PHASE Chee IS ProporNowaAt 


Tx* we GeT &f& teel for how The KFesey VESULTANT tNTeusi 
Curve CAN be plotted, 


| 


ts, 
ResuLTANT : HW) 
INTENSITY C—i— 
| oie 


You cAy See MAT AdaINGe ALL These EQuAL Phases AtTer fF Cerrhin 
POINT Does NOT ChaAntG@e The TOM resviTAwT InTEewSiITY Very Much. 
Tas 1s ff Cornu SpiIrALs mANt of You have SEEN IT be fore. 


id UKE To NOW discuss some oF The pTFAccs IN OVE ATOMIC 
Model which YEesvly trom The ProVosI TONS WE MADE IN The PreviodyS PAGE. 
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WATCHING The ELECTRONS ref. vou TT chapt 1 


WE WAVE SAID THAT There 18 AN Amplitude ASSOCIATED WiTh The 
Probability ThAaT AN eLtecTTON vf PATNCLE WILL Go ThrouGch hole 
Lor 2. uT maybe The ELECTFON SdMEhOW breans Up ANA haLt 
GOES ThYVUGK ONE HOLE Aud hALE THvouch The oTher. Since w 
IMAGING The ELEcTFAN If A discreTeE wWdivisthle€ ENTITY, This iden 
DOESN'T Look Good. let's AvD TW The ExPer IMT A LighT beliad 
The bArri€R SO AS The ELEcTTON COMES TrnroUGh A hole The LiGAT b5 
SCATIETED Ad WE cAN TELL wher IT COMES TwrouGh, Hf The FLASHES 
Occur behind EiTher hole ort are Proposimnon is veri fied. 


beT's MAKE A LIST And mavK otf TWO COLUMNS, 


ONE fom. Evectrons Tavru | And ONE for hour. The 

TOML Number of Electrons COMING Throuvech And hime | 
The SCVEEN 18 JUST N, = Netz. tf we Plot The | | 
Numbers over ANd over for different Lo&Anows x We SCT ‘ 
The corves &,' And PB .The som Berne Bi. That ss, 3 | 

The NUmMber of ELECTTONS IN colLuMN | »Mi, @ives US The 3 ae 


cocve Py, white Nr ocives us curve PR’, This iS NOT Td 
SurprisinG; 1T 15 The Sfme RESOLT AS When The other hore 
Is CLOSED. nowever, The TOTAL ProPAbiliry Curve Piz ts 
differesT from The iwrer ference curve Pic Thar we oot 
LAST TIME Ye DID This ExPe7MOST - withoor The vich’. 


So YOU SAY, ALYichT FeypMANy ©eT The cod dAmMN LIGHT 
oul OF There becavse aF tS Screwince Yp The resuTSs, 
The vresutTS fre Affected by The LIGhT wh» hA! Thos is nor 
UNUSYAL That The. LiIGhT Would Knock The Er ecNons 
Our of Their NormMAC Pins Add So affecr The Corves. 
SO Wrn DOWN Tne LIGHT 5 Now iT Wwen'T KNOCK Tre hele 
ovT Of €LECTYON, BVT NOw WE won'T Always See The 
€LeECTYON WhEN MCE CouwTER MAKES A recordeNG. The Low 
iMTEewsiy Lier) Mets There ATE fewer PhoTONS ComIne 
our Per S€coNd so Tneve Are fewer TO SCeATi€R. WE nvsT 
Now ADD A Third Columy Jo ovr LIST . This Time wdicAmne 
When AN CLE CITON WAS CouNnTEd but NOT gegeenl. SEEN- 
if we Loom AT Tae Curves from Ni, Ne, find Nz WE fapod 
That Ni vYierds Pi | No vtetds Pr Awd Tree Sim its Tir 
Couwt Nz The NOT seem" ELECTVOMS GIVES VS A “LAY” 
Distribynow cixe Pit, if The Electrons Ave NOT SEEN we GeT 
aWTerterence. IN olher words When A Photem trom oor LIGkT 
SOuUTCE WiTS The ELeCTYON, IT desTroYS ITS wTerterence Propernes 
anid MAKES IT APpemr Pfirmcle~ LIKE, TAKE The photon Sourte 
AWhy fd yThe ELECTTON ASTFS LIKE WAVES, 
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MAYDE WE Should nfve conducTEd Tris ExPEeriMenT WiTh GenTLER 
PhavONS so ThAT They wWouldw'T Disweb The 2LétrRron So much. That 
IS We Ccoold reduce The AFFECT IVHNITESIMALLY by Yeeqlled The 
PhOoTON AAS A MOMENTUM , P = b/X « lf we Lower The p hoTow 5 
Frequency j.-, INCYEASE IT WAVELENeTRH A, IT WonW'T JoLT The eleciton 
go much. Now The PhoT®n is so wear ThaT ThE INTEYACTION 15 
IN Compretemsibl€ , BuT TO Achieve This A tS So Lone ,1-s., INTO The 
YAdig wes find Lower That You crhw'T SEE” The CLeECTYON, 
Remember hh ww resorvinG Twd POINTS YSING WAVES THAT The monimnum 
YESOLUTAN IS PrdrPormmonfil TO A. So Now WE cAn'T TELL which 
hole Thre ELECTWON WEewT Throvch. WE Ave forced TO MARK The 
Third CoLumMN w Evervynme The counTer cLicKS Awd You observe 
ThAT Me (COUWT IN COLUMN 3 GETS QuITE LATGE SO WE hfe 
Tne Expected Wave-like wreRference. 
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gq. Moke ON WATChING The ELECTRON Ref. Volt Chapr. LT 


LAsT TIME were were TALKING /fThOvT QuANTYM Theory IN 
SEverAL EXPETIMENTS, The PRINCIPLES THAT WE developed were! 


G). The ProbAbiliTY of AN Event IW AN Ide AL ExPperimenT '5 
GIVEN bY The sQuAve oF The absotuTe vALUE of A comPLE K 


NUMber Pwhich cs cALLEd The POhAdILITY AMPLITUdE, 
Lc 
P19! 


(2) When AW €vewT (fm occur iw several ALTONANVE WAYS, 
The PFObAbILITY AMPLITVAE TOR The Evert 1f The Sum st The 


Probab ull AMP LITOAES foR CACh WAP considered Separate ly- 
INTeéy ference Occurs, 


Pz Qen + Qicxy 
P= TQ, ‘Onl 


Preforméd Which 15 capAbie of deTer mining 
WheTher one or fwother AL Tern AtmvEes tS ACTUALLY Taken, The 
ProbAbility of Tre EvewT 18 The Som of the PprobaAbiuities tor 
Grew ALTE NATVE. The 1uTrerference t5 Lost 


P= a rr 


3, IF Aw ExPeriment 15 


Im The Two HAE RAPMTMENT we KAD Two dDISTnNGUIsht+bLe 
EVENTS : , 
t. The Electron Arfived AT KX fwd A PhoTON APPeAved at A" 
2. The ElectrON firvived AT KX ANd A PROPN APPEAR LES ATR" 


EAch EvesT WAS AN AMPLITUSE ANd ProbAahbirtity. SINCE The Events 


AYE disTINCT, The Probabiiries Are Ayped bY RVLE J Above. To 
find Tre AMP\ITUdE of EVENT 1 


():) 
WE musT computed The Amp litodé (°? | source 
T a, 
bASEd om The ProbAbitiTY That A Photon WAS Scanercd AT A 


And Therefore we could “see” The Evectron, If we cart: The SCATTErING 
AMPA Ewe h hore 1 a The AmMpuitrDEe of EvYEnT 1 15 

Given bY AQ. . Recnvse The eExpermmewT 1S Never perfect, there 
Witl be somé probAbiurtY of A PhoTON being ScAnTIered AT hole2z, 
IF we CALLTNS TcAWErING AmpluTude _b at MEARS WE TONS LY 
St The evectvon, The f#mMptirude Thar ot WENT Throve kh holEz 15 


The b@Qz. Now Me TOTAL AMpLITYUdDE To Frsa AWN CLEcTrOoN AT XK 
And A p RoTON AT A is 


P, -> aQ rbd Pe 

Event eccorrvine i$ fouynd bY ruLlez Above 
x * 

Pa * bag a bg l 


% 
WELL designed ExPEMMMENT BSSH So PaX= IAQ); 
The Q” here 15 JusST A MOTMALITATION FACTOR, 


The ProbAbttyty of This 


in A NOrMALLY 


Al 


if You recALL ovr TAbLULATIONS 
columNg ONE MATKEd N, And The 
found ovT whaAT GoEsS 
COLUMN Nzé 


LAST Time WE hAd FwOI 
OThmeR Ne, WE have seST 


INTO cOoLUMN N,, WhAT GOES INTO 
WELL, GoInG Throvehk The SAME TNME of Arevu nent 


- The fmeritode ThAT AN electron 15 found AT X ANd APhoTON IS Seen AT B Is Az 


~ Thesfimprityde ThAT WE Sfhw A Photon A Th When The ELESTTON Why TRY Ais bY, 


The PtobhbAhiLitT? TO tand AN elEectYON AT XK Awd A PhOTON AT BIS 


Pe= |ba, ragil 


This Then 18 The Nez in Our TRELLATION. 


To cary’ Ths ¢xPer mMeWT forther 
Q.cx) Ate AbouT The sfme bout difter 


Twis SupposésS ThaT The pth LENGTHS 
The Two rovotTes 15 


Ler’s ASSUME ThAT Pox Anid 


bY SOME SMALL PRASE ANGIE, 
trom The source 7 X VIA 
Vere mMeEAFLY Tre sftme. WE Cin wr ITE. 


Qin « fe « US, cx) ‘ IP. @ § Sux 
where {hr And TRL Are werernrone Factors SUCch THAT 
iditt= Pr And 1QOel* = Pp. The PhASE Awotes § fwd ba fife 


fumcTions of A. Fuviher for Simpuciry ASSUME GO And b fre 
TEAL, The ProbAbitiT® of EvewT 4 occurinGe® is Then 


2 d,cx) ré.00 |* 
P,, = lame +bime | 
atP, t b*R + Ab TRA cos ($,-§.) 


\) 


Fof €vewT 2 


i 


t. | bo TP, e + aime l 


al 


bb" Pie a* Pru + ab fp, P2 cos Cds da) 


The TOOHL Probability OF The EVvEnT 


Occvyrrince 
Two individVvAL 


ProlbAbicaTiIEs JuST calcul ATEed. 


P= ca*+b*) CArP.) - Cab TPP cos (g.- 82) 


Novice 1; You Coutd AbSolLUTELY TELL Which hole The ELECTOON 
wewtT Tnru b wovld be FEro Nd we hAvE 

FP a* CPirPr) for a=!) 

This JusT The YEesuttr 

EXTREME Where we 


tS The Som ot The 


, Pes 
WE EXPECTED. Let's LooK AT ANoThe R 


Chos& A WAVELEW GTA. for our LIGHT So 


Carce compared To The hole SPACING THAT We CAN'T TELL Which 
hoc€ Phe ELEcT ron weENT Through. This corres pONdS To Azb 
And 


P= zortL Pith + ar. wsS-S.) ] 
& « gat 10.3 @.1~ 


So WE GeT back The Ex P&TEd Whive reESOULT. 


OR 


4 


Between The Two Extremes of A Where iw ONE CASE You 
GoT Perfecr TESoLUTNON And im The oTher where YOu Got 
NO TESOLUTION | LiES The riWoe Where You EXPeErievce This wAve- 
PPrncle N ATuveE, 


The mathe MATICAL EXPLAWATON Giv€&i here is Much beTTER IN 
EXplLAINING WhAT YCALLY Goes on ThAT The so-cALLED wave 
pACKeT ReddVcTION Huswess. The iden ThaT The elecTRONS CAN be 


ANY where behiwd The bArner fd Suddenly upon GoINe Throvch 


A HOLE, SQUEETED down TO A Very NitTTroOwW VEGION IS A very unreAL 
YE PrESENTATION Of WhAT Goes ON. The EXPLANATION OF AN EVENT 

S Much MOTE COMPLICATED ThAN ThiS. The POSITON of The PhLoTON 
And Erectrow must be speatied ALONG wiih The values for Q@ ANd b, 
When More PArrncles ATE INVOLVed IT IS NEecess ArY TO specify ALL Their 
Loc ATUONS ANd The Number of VArIMelLes Gasup RAPIMLY. IT 1S NECESSARY 
To fercer The Wen of A WAVE ProPAGATING IN SPACE Mid repLAce 
iT oH A MATHEMATEAL CepresewTANON of f ProbAbiLiTY AMPLITUdE 
which ITSELF 1s Time fwd SPACE VvarYING. IT 15 hard for The 


humfm Mind T DO ms hur ITS The ONLY way Te uNdersttmd 
WhAT IS GOING ON. 


Measurement of Posmon And Momewtum Ref. Vot.fT chmpT 2 


I'd Like TO boild A frame worn for beTER YUNdeERSTANDING 
The ideh of A PROBABILITY AMPLITUde ANd how IT 15 effecten 
by The Presewce sf Some APPAYATYS TRAT Permits LOCATION ot 
The €lectvon. tf The etectron («5 EveECTEd from The source with 


A ParncucéAy enerocr E o@iven by P*/tm , Thew over The path 


LemGM™h To The deTecTOR The AmpLITude 


iS Propornon AL To 
ef P cLenom) 


| hAaven'r Proven Tm You Whe This verAnoNShip 15 
hftven'r BRoTheRed WITh Some INESSENMTIAL COMPLICATIONS 
CtKE PoLcATIZANON -~ SO Accept THAT 1 CAN MYKE This RepresquiAnN. 
Now The QvESNON Of ChANGING The AmPLIWde REDUCES TO 


ASKING how MY ObSEYUATION ChANGES The PMomewpTUM of The Parncle 
AS wee AS ITS PATH LENGTh. 


True fwd | 


SINCE We KNow ThAT LIGhT of A GivEN 


WAVELEUGTA A 
HAS A MomewT™s ASSOCIATED 


wiTh iT Given bY P= h/n, WE 
cam ASK for & Givew A Short ENOVEH To “See” The 


ELECTYON, 
CAN WE ChANGE UTS 


iTS) = PosIMoN 
int ThE wnTerk rence 


will WE smeéefnr The PicTY¥URE, To 


MOMENTUM ENOUGH FO Shift 
from A MAKIMUM To The AdJOINING MAKIMUuMm 


PATTErM, IM oTneR olhen words 
Work Twrs ovT , Let's 
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= 
>4 - 

s 

v 


FivsT , since The hol€ SPACING is d , WE Need A WAVELENGTH 


At+d. the Momentwe of The tight ts P- a >h 

a d 
Fre MOMENTOM im The ClectTRom 1t$ Pe so The fAmpiitude cAal be 
oy Men AS A e dekh s - BY GeomeTRY Wwe cAM COMPUTE 
The PATH difference ay . The PATH ditterewce correspond § 


To *&# Phase sh, ft d =s AY ~ Since X- K/p we hAVE 


= ay 
d fA 
A 'S Given APPLOXimATELY by 8d, O cfn be referred To The 


digs pLACE MENT ALONG The screen AS 
9: x 
u 


So we have Ay - Rd. the Phase difference § ts Then 
L 
Kd 


2 78d re x — 
d>4 L ere 
1 The bumps Are A DisTfNce S APART ANd Tre ELectTron 
is Shifted Thvouvch This pismance 6 hAS UNdercone A 2TH 


shift so Wat a 


P@ds = C7 
Es 
oR PSS - l —> = = h 
ee Pd 
The Momeéenton Needed TO petlecT The electron Throuve h An 
ANGtEe © tS JUST = 
—. 
Ap = P@ = Ps ae _|4? 
L P 
Bur WE Ju5ST SAW THAT The LIGhT of wWfvelewcTh Azd CAN 
IM parT f& Sipewise MOMeEnTUM oF PS), = W/ed « So ,indeed, The 


SbseruinG APPARTVS CAM SmeAR The elecTrON. 
if we subsntruTe toe PS/e Wig in The AbsuvE VESULT we 
fine TAT (AP) d = bk 


IN ofder To KNOW if The electTYON 1§ GOING VP OR down pfrer 


iT dS WIT Ap «ih buT (IN Order To See where The elecTrow 
d 
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is AS » > Thus There ws AN UNCEVTAINTY IN MomenTUM feLlATED 
To The UNcerTHINTY int PoSITION by The rude 
APAX 2 h 


Tis SAYS vou CAMNOT PRepaRe AN ExPeEQ@MEeNT Such ThAT You KNow 
PYECISELY Where The PAYTICLE IS ANd IN Which DIVECNON IT IS HOVING , 
HEISE bERe first recoenited This Fund AMENTAL LIMITATION 

ot Quantum Theory ANd TEALLEGCd ThAT for The Theory TD 

be CONSISTENT Thiy “UNCERTHINTY' PrinciPLEe " Musr hord. 

The vwcemmwry PRINCIPLE veALLY vefers TO The PredicrabuiTy 

oF} fw EvenT Awd hAS NO de Pendence on The PAST oR HOW The 
Event WAS INITIATEd or Prepared. 


a5 


io. Amplituves foR EvaeyTs involv ING iIpevncAl 
PArenclres 


Refs vor TM Charter 3 


The tecwre INVOLWWEd A NUMbe ot QUESTION WITh The DISCusgion 
ENAING Up considering AMpitudesS of EVENTS INVOLVING: INdDeNTICAL 
PAYTICLES. The lecture followed Chapter 8 Ww volume 7. 


Yo 


Jl. INTRODUCTION To DIRAC NOTATION Ref. Chapl TX vorwme TT 


So tar we hve been TALKING AbouT APIPLITUdes ANd how TO 
compure Them FoR viffevewT EVENTS. | LIKE Te CONSIder The CASE 
where The PAarnci.e 1S) NON- relativistic + further NLL Disregard 
Any SPIN Of INTENAL MECHANISM Which could LEAD TO Ay INTE;NAL 
bremkup, | ONLY whyT TT? he concerned WITH POSITION. IN 
order to dene The Posimon 1. BUST ASSIGN AN AMPLITUdE To FINdING 
The parnc.€ AT ANY ONE SPOT, The AmpliTede IS A fyncron of 
“4, = And Time, in General, so Thar Amp » WE, t), 


\M order TO work AT Problems iN QufmTUmM Mechtwicg A ShorThAnd 
used TO denoTe Ampimdes i¢ DITAC NoTANION. To Show you how IT 
Works fECALL The TWO hole ExPeriMewT where 1 hid AN ELECTYON 
Strat NWN e Ar B Some SOvfce YL fwd GoIne To X Vi Owe OF The 
OTher of Two holes, WE wovld write The hove SEVTENCE LIKE 


SX | @hote Apparatus | * S > 


The bracket on The righT DENOTES The INITIAL STATE While The 

one ON Tre LEFt Dewotes The Hwa STATE, ierween The Two LNés 
The APPATATUS OF MeEChANISM SéPATATING The Two STATES IS NOTED. 
Tis 1S PoretyY A SharT hANd MOTADON And ANY THING CAN Go IN The 
brackeT byT The CrimcAL ThiING Te remember 1S THAT The complete 
bracker ENCLOSEd bY < PF IS EQuivALeNT To The phanse! The 
Amplitude Thar " fad ,Therefore, iT 1s Just A Number - but A comptex 
Number. Sometimes The fppAacATS I$ Left OUT ANd You'll See 

A MOTATION LIKE <ZXIS>. This smu menns The SAME Tron]. 


Now The QuéSNON MighT come up Whar Kind of ininat and 
Awa STATES ATE Twere fd whar tappews When There Are ALrernanve 
WAYS The APPAYATUS AttecTS The mMenmsurement. Again recALL 
The Two hove Xx paimenT AS Shown ON The NIGHT The x 
Amoi tude ThAT Aw electron GeTS trom S to X IS writen As, y 


SXIAISD = SXICINSSIjGIS> + <xiciz>Zzigiss 


In GewerAl “hen RQ NUMber of ALTErNATVE PATHS Are zy a/o i 
Present WE hAVE Tre Som OF EHCh ONE, 
ExIAIS> = F 4x1 Glz><tiBis> ae : 

z 


WE hfve USEd here The ideA OF MuLTPPLYING The AMpLitede TD 

GeT Part why To KX by The AnpLiTyde TO GET The resT of The wh, 
ThAaT is There 1% fF CErTPN AMplitode Sor TRe ELECTYON TOGeET TO hove 

ti) ANd Then TO X omer LEGION C, | Should POINT OvoT ThaT 

| hAve iGnoféd Tre AMITE SITE OF The holé find, here fore haven't 
BOTered CompuTsd fAmplitodes To GET TO DitterenT PATS of The holé. 
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TmS NOTADON 1S SOMENMES 


BrRHlinec ANd Even HAGICAL AT TMES., 
FOR INSTANCE IT 


(Move The SOUrce To Different paces , The dormulAl 
IS STILL RIGHT. | CAN GeNerALIte The €x PressION for The AppArANS 
AS 


Ka Citys 2* ()e@ + CPs seis 


ThiS EXPLESSION 


1s hONGY? TO work ON A STATE | > 
So 1T 


iS The SAME ThinG& AS AN OPEYATOR. WhenGyer Mme brackeT 
< >? tS nor Closed IT pewores A complex ALGEbRA. The 

Above EXPRESSION cAw be hALT conpleTe IN Which CASE IF 1S 
STILL CoNnSidered AN OperATOR n &, 


AIS> = 


or Z| 


CNS CEIBISsS * Cla 524) Bts> 


Let's Now ReTURN To The origwwAL Problem of A NON -TELATWISTIC 
elec¥oN Which we'll IMAGINE hAS MO INTEN AL 


Thus WE will IGMOre how The €LEecTvoOn CONES 
ONLY be concerwéed wiTh Whether or NOT 
The Probtem 1S 


MOTION ANd MNO Spin - 
ThrouGhk The SlLoT And 
IT Cfme Trrouch, at ALL. 

ANALOGOUS TO The Two SLIT 
IMAGING The PMmncle TVAVELS ONLY IN 
S MeASUYED VeYTNCALLY 


Problem on LY We'll 


ONE DIMEVSION X ANd time 
LiKe The SKeTch To The YIChT 


- tap— : A 
The electron witl be veleAsen from Sone pont fe, 
ho. AT time = O ANd AT time EQuAt t, There ; 
Is AN AmptuTede Te hed IT AT Kor K, There ST RT 7 ie 
Will Then be AY AmMpliwde to GeT To pont 
AT Time Te, BY imAcINING A Series of INfINITESIMAL iN 
hoves AT t, Add Considering ALL buT Two, Ks ®e, > M4 7K 
Closed Che Probtem iS VUST LIKE The Two hove X 


Problem biscussed before. 


| AM SONG TO Detine 
WhiTING TAME, BY This | 
€ to A Larter Tme tt’ 
Wane Around,” If 


CASE IN QUESTION, 
DISCUSSION 


A FUNCTION 


U(t t) As the Apparatus 
MeCAN To DdDEéSCribe 


Traysition from Some time 
1S The sAme THine AS “ JusT 
bo wmtée This FoNncNon more GrpticiTcy foR The 


Ultt.) iS The same Thitnc AS C ww The previoos 
ANd UO (Ct, 0) 1S vesr LiKe B. 


5 'S E8$seyce 17 


In The DITQAcC NOTANON WE 
CAw wriTé 
SqlALXo% = <ul Olt til m><atucts OI Xe> + 
oat U (te, t1) 1 Kr >4 x2) Ut, 0) 1 Xe> 
It There 


were pow @ of The INIHWITESIMAL holes 
at t% So Theat Ult. t.) = Ult,0) And 


<¥ | Olt, a) 1k > = 2 44] Ult, t)1xE> < iL V(t) 1 Xe> 
u 


ANA we didNT Loox 
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To be more precise we hAve computed The AmpliTde OF tindING 
The pATTCLE IN SOME incremenTAL DISTANCE dx: so We Should hAvVE 
WY\TTEN, 


S41 UC te, IXo> = 2 Cyl lty tr) IHS Ki | Ut, 0) [Xo dd xe 
The ProbabilitY Fo find The PAicre IN SX IS Given by 


< @ = 
Pix) dxc = Oa fa ee om Be >< 1 U LE, 0) Ixo> | dx: 


The operATR here wHich 15 
Ult., 0) = Z Ulb,t) Umer xi] U dt, 0) dx 
CAs be wWrillEN AS AN INTEGYAL IN The LIMIT, 


vie, oO 2 f Oct, 2) Ix> dx 2x J Ut, 0) 


As f& Short CommMeNTARY , IN order for The Above EQuATions To 
have MEANING Add be right we MUST ExpresS Every Possible way 
The dfmN Thing cin GET Through To y. The ONLY WAY Te Compcerecy 
Describe The SYSTEM 15 TO Sy Where iT 15 AT Every INSTANT Pitter Some 
ININAL CONDITION Xo, where IT WAS STAYTCd, EAch POSITION ot The Parncte 
Corresponds TO A DisterenT STATE 2, 


let'S Go back to The 2 hoe case Above fd ONLY Look at The 
Apparates from ti oN. In olherwords we Are NoT CONCErNEd AbouT 
The imsmAL STATE IX0> OF how The elecTvow WAS Prepared. we KNOW 

That 
<ul Ult, OI Xo > = SPI Ulty tx. 7% xe Olt, oVIxe> + 


<¥ | Ulta,t) Xi > 2 xX, |} Ult.0) IX > 
We could WwriTé The werePe RUIGhHT—hANd Side IN di fterenT NoTANONW 
AS 
ee Ult,¢17 > = <4 Putt ti.) hero, © SVU te te) Rede 


Where The state 12>? has A Qvuesnow mark STidiwe For , the 
STATE Which hAS AN Fmpliitwde To be AT Xi And Xr. Specific atcy 
Those A™plitudes Are QA, ANdO@ Ar, 

12> . eee rs bie titee: - ees At X, » 


Pabst y Ar ¥u 
When I: write iT This WAY yaisTeAd Of USING The Terms ZXzlI UCtr, 9) IXo> 


for Ov fred <%i [UC 0) | Xo> For Ai, | GewerAlite The resutTs 


Gyeany. | Could have Artved AT The SAmeée a, find Ar by Some 
oTher ArravGemenT Of INITIAL STATE Ad Ult,0) gock MHhttT 
from time ti on | Couldm’T TELL The Ditterence IN The 


résuLTS. BuT AS SOoN AS 1 SPECIFY O, Ard Av, | CAH hence dorm 
Predict The LOCATION ot The pfrTicLe. 
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The futvré 1S thus Seen To be independent oF The PAST IM A 
CErTHIN SENSE. AS Soon ASThE AmplITUdES Are wriltew,1.%., &, And 
Q. The past hrs been be Summarized, The presewT described and 
suffiaent demu Given To PredicT The future. The GoTS of QoANTUM 
Mech ANS IS IN describinG The presence So You CAw PpredicT the fuTyre. 


Becnvsé we have Added The Two srmhtes (WPA, ANA IKz Par 
To GET A NEW STATE we cAlL 1X1 > ANd JIXr.7e@ bASE STATES 


iW har A SYpPerposITNNON of BASE STATES Léfids TO *&# NEw srHte. 
SomeTinces You MAY See ThIi§S wrilTeN AJ 


1y> = xr YX) 
Wheme Wx) 18 The ANpLINdE To Get of Xi ANd Ke 


In. The WAY oF A SUMMARY Then we have 


Viti te) = YL Olt ti )IX><X 1 Ulti,to) o : 
x , a 
Which IS EQUIVALENT To BR Ud f ) 
Az Ulti,te) 
BA = 


Z <YIBIX> Lx 1 Al Xo> 
Xo 
Z Bix><xlA 


Ah comstrAinT on THiS AbsTrACTION TepresenTANON JIS That 2. LAS CK EL, 
This tS Che ULNMATE of AbstTr@cNon ANd IT SAYS To Add Throveh ALL 


X'a ANd You GeT UNITY. IT IS ESScuNmLLY A STATEMewT ot conpreTeNess 
And ASSUCES gS of PrEeSEruING probabiliry of ALL EvenTS Adding To one, 


DefinImION OF A KERNEL 


TO HEtp uNdersTAwd This 


AMpiinde tdeA betler I'd LIKE To INTVOdUCE 
ANOTher lAbeLING Scheme, 


et defime The ampumde <Y¥iULtr, to) IXe> 
To be The Fellow mM comprex foncNon 


<¥1 Ults, to) | %o> = Kd taj Xe, to) 


leT me for convENIence SAKE ChANGE 
The €QufTION 1s MOTE ConsiSTENT. The 
form MmusT sansfty The 
OcTCUYT ING IN SUCCESSION 


d to Xr. so HAT Tre form ot 
PypLiIbde Givew IN The Above 


rure for combiInIneG AmMPLIWd ES of CVENTS 


IN TIME | hE. 


Wik) = K OX f) Xo, to) = j KO m, C2: x,t.) KCK) ta; Ag to) dX, 
In QuANTUM MechANWicAL NOTATION K(%.,tr: Koto) 1S cAléed A 


Kerneu And fepresEenTS The Amplitse to Gotrom Pot Xt, To 
% tr. 
i] 


So 


As A. speciAt CASE ot 
cowSider The CASE 


Previous EQUATIONS 
No 


A PpATTICLE MOVING beTWEEY TWO POINTS, 
of MOTION IN A VACUUM, WE have To Solve The 


Where The CONdIMONS AYE CONSTANT, é, There 1S 
ScATIerING between PpornTs. 


SUbyecT To ThiS CONSTRAINT find 
ASSSmhInt& The panicle WAS TELEASEd AT pont Xo= to=0, WE CAN 
CAN WHITE 


K¢ Xe ta: ee ee = KCK = Xe, te-H) > A (Xa, te) 
RG, tz) = ) Ae hah, t.-t)) ROK 1) dx, 


The form oF This EQuATION IS LIKE 


And 


A CONVOLUTION, |. 3, 
Atty = § ct) g(t -t)de 


So iF we TAKE The fourier Transm of Ar, tr) we hve 


iat) = he Row t) dx = Klp; et) Keg ty 


The parameTER P 1S CONSTANT Throuc@houT This cALCOLATION. A function 
which WAS The Above Property 15 


-« Ecp & 
K(rt)= e 


The FfuNcTION EcCp) cAN be YeAl Or ComPLEX boT for The SUM ot 
The probAbiLi tics for each Event TO be umiTY Elp) musT be ReAL. 

in Order To pursue This EXAMPLE IT IS NecessARY To ASSume The 
GALI Lefm trimsformAnon for The ORServeRr Since we ATE consider ine 
low velocities. If We YVSE THis tdew we Hnd That Ecp) x pt 
Prd The ProporNonAlity CONSTANT 1s PB Vem . 
The GALI LEA INVATIANCE 


TO Show This 17S TrVE 
tmpllesS TnAT 
There fore, 


xo * RUE ANd ED. 
' _ i ‘ 

K (Xe, te! ea! £,) = Wilkes wee, te 5% = eb, ot 9 

i KOXa, te | xX, ty) 


An IMporTANT FACT here 1S The 


IT 1S AlWAYS PoSSitble fer Every 
Gives Tre SAME ProbAbILiT? 


K 1S NoT UNIQUELY deTermined defined, 


K TO FING Ander, SAY, KR Which 
ANd Difters IN PhASE hE, 

~ 2 LX (xs, tu), BCx,2, 
K (Xe tis bi ti) = € i e )] 


K¢ Aa tes Xt) 
Or written ANOTher wAy 
~ eX x,t) 
W(X%t) = e VOX, t) 
where XL 18 Some reac 


NUMbeR, 


5 | 


\2, Amplitude INVAMANCE TO GALILCAN TRAN STORMATIONS 


i'd LIKE TO feTUFN TO A Problem sTARCed LAST TIME Where 
we viscussed The iWvanAnce of The fimplitude of Wve funcNon 
TO A GALLEAN TrANSIOCMANON. Assume we have some MAN retdiING 

A book on QuANTUM Mechiics AS he 13 FLYING AlomG IM A PLANE 

fir some vetocitY vo Ad he veAds The mysmc formorh for cONpYNNG 
Pmpumdes so he writ€S IT Down where he uses x's A-ut , t'st 


K (xe-%, te - 0) 
To The observer po Mme Sime Thine ON The Ground he would wrire 
Kix. Ks, t= te)- If The Two f’€ TO GcT The SfAme reSoLTS, 


K xan ke, te- ty) = K CXa- tp evtr t+ VG, te -t,) 


BUT Tyg EQuaALITY IS PhYSICALLY NOT CorvecT becAVvSE The craund 
observer could have chosev A DiterentT K wHich DifFers from 
Tae Ahove by A PhASE difference, hé., 

Rime, wat] 2h Gl Rg doe) 
Tis NEW K Gives The Sfme PhrSIcCAL FESOLT Since The ProbAbiILIrsy 
Goes AS Kt Bnd The ExponaynAL Goes OUT. We hive for The 
Ampiitde To Ayrive fT Avo via ThiS Now 


aod i( = ' iX, 
Y (kr) = e me at K C%-w trots) e $(x,) dx, 
W(X.) = ei ™ yr) 


To Go bACK ANd corvecT The Above EQuALITN FELATING The Two 
h 
fm pili tud é Wwe Ave CL Rp Cha del ce Ty (x,t) 


K (xi-%, t-te © KOXi7 Xi -vteavts, tet) 
Where 8 (xe, be) fwd X 6x, t1) ARE Soncno ws ot veltocutTyY V 
of The movince observer. Now the Physics Wilt be The Sftme fiid 
WE Ch Proceed. 


First, the €xpovewNAL MUST be A foNcnoN of The difference 
WeTWEENK Xr Awd tt More SPEIMCALLY IT 1S A LINeAY VY ELATION Ship, 
leT Me wriTE wis AS 


ah Qe »CxX2-¥s) + bev) ( tr-t) ] 
K(%-%., te-t) = S| L ‘ K (xr -x vt aut, tt) 


or SiImPLitYinG bY LeTTNG X = Ree Ete Aa 
iL a bcv) t 
re eye ETERS ery wt 


Now INSide The PLANE We have ALITTLE Girl TIdING @ Kiddy 
chy up Awd DOWN The AISLE WITh yertociITY U DOING QUANTUM 
mMechPwicS AS She GOES. Tp Gut ON The PLAWE wWiTh her reAd ine 
his book Avd pone QufwrMM MechAwicS he would reinre her 
VesuLTs To his by The rel AMONS hi P 
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tL Giv) (x- ut) + bev) t J 
KCK ~ ot, t} = © KEx-Cutvjt, tl 
Heve | J¥ST used The Ty pv Stor mation lAws wiTh # véltociTY VU, 
TO The fellow ON The Ground he mvosT See AN Amptiinde , 


Kix.t) = @ Care + beui tI K (x-ut,t) 


USING The Nbove vetAnonship For K(xX- ut,t), The Givl's Arpuitde 
hPechrs To he 


K (x,t) = 


USING The LAW OF Compound veLlocines we chW WriITE Twi Ay 


CC atvx+ bowt] 2CacviCx-vt) t&ewtl 
e e : K[X- Corvt tJ 


K.CX%, 4). = ea? Uatvtux + bevewt] 


KC xX- curv) t J 
FOR The EQUALITY TO howd The Ex ponewN Ais MYST be EQuAL Which 
yveguives ChAT, 

AC vtv) = acu) + Qtv) 


A foNCTON Which ts The SUM of Two different foncnons MousT be 
LineéAr SO THAT Qkv)= ™ Vv a CV) = S U 
Here mais characterisne of The PAayncle ANd & is used for 
dimensionAl complLGenegs bur ILL Llefve IT ovT Since | Know Where 
to STICK IT bACK IN. The second coethiciewT 15) A LITTLE TOUGher 
ON we brmn, 

bcvtu) = 6¢€u) - Vacv) + blv) 


Tas cAN he WritrGv AS 
bcovtv) 2 bv) + btu) -— MUV) 


To solve This Di flerewNATe wiTn respect TO VU fd SET GPO. 


b'cv) = b'(0) - mv = (2 - mv 
where RB IS some consSTAWT umber, Now INTEGCTANNG bACK, 


btv) = v- my* 
) a sa 


Gine baAcK TO K(xX,t) WE hAvE Sound Tat tor U=0 
i = tye + pvt 
KEY) <= as. etl ag KCX-vt,t) 


We hve Mus So.ved for The PhASE reLANOWShIP beTwEEN The 
Two PmPlLTudes fiid WE NOW CAN deTermine The GACT FSormuLf tor K, 


Suppose | Let V2 "%t which 1CAN do Then If Ligwore The G 
Term Sor The mOMeNT, | hAVE 
- z 
iL we - ma ef 
Kix, t) aoe Ly ake KC0,t) 


K(ot) 1s Jost some Tonctow of time Flt) Sfy whle 


The GLPONENTNAL becomes IYST mx, Treretore , we hfve 
2 


a3 


¢ Mx 
Rie) = ve Se eit) 
OR WITTEN OUT i On-x,)> 
WC Ka Rs, be = ed e 2 (ti -ti)h F (tr -ti) 


we Now MUST FINA F (4). 79 BPO This recAlL LAST Time WE 
foond USING fourier TrANSHorm Theort ThaT 


- CPX % €Lp)t 
Ace,ti = | &  Kex,t) dx = « 
SLUbsNWNNe for K(Cx,t) ‘ 
aoe acca 
AC pt) = je : e. ze 6 Ct) ax 
PLL write Tw A u 
: ae Cat eee Ty 7. A 
Apt) = e wz ™ FCth BX 
-o2 


This INTESYAL 15 of The form oF A GAVSSIAN INTEGYAL, TO Preterm 
The wreevATION Shift oriGins bY LeTTING Xt — . 


~ tp re Se A 
ar zt 
ip ti = eRe | e 
-@ 


z 
we a4 d = a) 
v pow InTEeoOrmmMn ow ASING THbLES d Vx 


; -U re 
beta : [unhte e ™ F (1) as =A 
vw 


Theretore we hAave That 


ae EE - £€¢er)t 
j SRE a ae city <= @ 
Baa 
For ThiS EQquALITY TO hotd TWo Thincs mvu5ST be vAuID, 
e és FS 
a) cry) * =. 


J F(t). = | ee 
UMHhte 


We hfve Fiwarcy CompLleTéed The Amptinde tor A tree PATTICLE 


tm. UXe =a 


KO%a=%, ot.) = Co -2te-ton .| 
2n he (te-t) 


This Describes The compreTe GUTS of MOn- TeLANVISNC QufnyTum 
mMechAmic find Therefore is fvery powerfWl Toot To OSE IN 
worK ING A NUMber of Pvbléms, 


oa 


FREE PARTICLE AMpeiITUde 


One WING MichT be worTh MEWTONING before we GO ON, 
Yor wilt Nonce ThaT AS K tS write iT APRESS THAT IT 
btows vp AS Te-t mpprofches O. BuT ThiS IS MOT The CASE, 
fF X, IS FAR from X, , You CAN'T ExPecT The PAMcle To be AT Xi When 
IT hAS ONLY Gone A ShorT Time €, from ti, You will NoncEe THAT 
1§ Tr-T 18 AbouT O The phasé varies Tremendously , The rapidtr 
OSCILLATING PHASE SMOOTHS OUT The DisTYibuUNON oncnon F(K) 


Which describes The PAYNCLE AbovT X., To Show TiS tS Trve a 
We Know WAT te 
99 re - 
APiNs) = ) K (kam te te) FO) dx, uke 
bh?) 


, mm (smb 


x QB fo aes ESSA t; 
= | e é € H m . FLx%) dis hh 
a) zancet 
2 i => 
- 
if we choose A linle Gdussi@n foNCTOW for f(%1) say @ => 
we can And Wk), Upon SubsnToNoM md reo cAWING 
zm xX. = . 
Viel ss foe ie te SNS ek 
Um lteEh ~ 
-@ 
whe re ae ! = Sm fy d pe? 2 marr 
Zb* 2¢é enh 
Tre SolvNnon TO Tris [INTEGTARL 15 Rig u 
= Ti O74 « Peace ae Peis 
De, Ale te ee 
ER ~timb” 
Combing 
t m Xr" mw % reas b 


c 


The rapidre VATYINe® EXPYNEWNAL 15 ON The fryerfote Bera SO Yoo wovtd 
eepet T Hrd Te parncle fit Xa 


ONG wit To Sotve The d€lenmm of K btowine vp 1s TO 
Let Robe slighTLY imAoiINnAty, 1.6, Ler AFH =E8:., iShew vom 
mMAKe The SUbST\TMON fd let § =o The Answer converces To 
O vrfpidly, IN The Above Exfmpre 


-~-o¢ mx z 
Yoh) = ee ERI) = exp |- emt C1-°¥x) j 
= ee =. whos ; 
eh € ke = % 
id §~ ae Then WPcXr.) damps eapdty oH @ero as © 
yyy Ar 
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LAST 
IN CmpTY SPACE ANd we 
TWO POINTS Xr fd X% SAY WAS 


13. conservanlon of Probability ah: Fema § HIRES, Chapter 4 


TIME WE WEVE TALKING AbouT The mMoTION Of A Tree parTcle 


found Thar The BImpiuinde To GeT between 
Givev AS KA Mar Xe, te- ee), ad. 


IT DE Pevded ON Tre INITIAL Ard ANAL POINTS ANd TherrR Difference. 


Further we SAY WAT The AmMptimdée To Gert Te 
from 


The foncnon F(%)) 
X%.. Thus up TR xX, 


Xz Could be cerived 


AW INTE GVYAL EX PreEsSION INTE GY Ad WAS Givey AS 


where The 
K CXe=xX., test.) Fcx,,) 


1S The AMpLiNde of The PATICLE AYNCLE AYYIVING AT 


ALL The past Wystor? of The PAYTICLE IS Described 


bY GivING TCx.):. Therefore, we have 


We could Go ON To 
ATYIVENG There Ars 


Pp (Xr) = i K(Xa-ks, te-ts) FO) dx, 
- co 


fA NEW LocATON Xz pwd find The Ampiitude of 


Pixs) = j KO %3 =H tz-te) PO dar 


This Mmplinude is The SAME AS 


KO%s-x,, t3-ti) S j K(X3-Xa, ty - tr) 4 Cx) dd 


= § KUMs-Xajty-te) KOLa me, tet) Ihe 


if we ASK WhAT The PFOobAbILITY IS To find The PATTULE AT Xz, We 


have War 


Whil€ The PRobAbility THAT The PATTNCLE 


The probababilily Thar There IS A pryncle At ts 


Pond: Lyoryl” 


iS At Xi At ty IS 
Pixiydx = J Ipixgi® dm 


2 
1S Jost S14col dX. 


\N omer TO Preserye The conservaNon of MATER, These TWO probabitines 


MUST be EqvuAl, 
ProlAb ity AS, 


IN GeNETAL WE CAN WrITE Twis CONSErVATION OF 


| Fon om dx, “NPT kote) FOR) KE Ceo xy!, e-8) FP dag died 


IN order for Ts €QuAUTY To hotd For ArbiTréry valves oF fox) 
we MUST hAVE WAT 


Where 


L” fae teh) KeCKa> ey 27 ty) aXi. = SCX; = %) 
§ Cx -X1) 1S A SeLTR FoNcTION soch ThaT §(% -%X%,) 2 0 


Xs HR Aw st i 2 = eR 


5b 


InTRODUCNON TO PATH INTEGTALS ref. Feyvaman® Hibbs 
Chapfer 2-4 


There Are difECNONS which | wovld like To GO Now. | wayt’ To 
Use ove Eguanon ot A Free PArMUE AMPpLIde ToWoRK Some 
Problem SO You wilt bemeér UNderstiwd 17. The o7her Topic tS To 
vesPONd To some of Youur YEQvéesTS For DigswssiING@ The iden of A PAT 
INTEGY AL, \'LL Do The LATER FivST ANd Then return TO Problem Sorune, 


You recall | TALREd AbouT AN fMplimdE for A parncce TO Lefve 
some POINT X,, ti, find aAcrive AT A Points Xz, te, WE hAve JUST CAL- 
CULATENH the vaive for Che empty SPACE CASE. WE ALSO TAL KEd Abovl 
ALL The ditterent wAY¥S to oct from RO'MT Xt, To Kz, te And 
EQch WAY HAD ITS OWN An pLitUde 


LeT’'S AGING ThaT we Get To Xb bY A& FAYTICULAY 
PATR AS Semowr ON The richT. The Time interval tb- Ta is 
Divided into N_ iuntevvars Ach € Geconds) APAYT. The 
Amputude tor The Wade cTor¥Y Shown witl be demoted 
AS X(t). The Amplitude to Mmrrive wit A Specitic 
xt) TrAvecrory ts PLACt)] . Tis fuwcnow 15 veaur 
A dumcTNowAl SINCE IT Depewds oN EACH VALVE Xt). We 
CRN write The fmpiityde To GET from ato b IN The 


FellLoOwInG focm as 
Kb, a) ee Y) L xit)] 


PATHS From ATO b 


IM INTEGYAL Soom This becomes 


K(b,0) = j OLxo] Dre) 


Now i'd wree ro describe wWhAT | mMenN Whew I Write pixcty, 
\f we vivide we TIME INTECVAL Ty-Ta oP into These Lire vnits 
of E€ we have 

. Né= tbh-Ta 

Where E= Cia = Ce And to=ta, Koz Xa _ tne tb, and Xn =Xb. 
AT E€ACh TIME t; We NOW WHITE of ASSIGN A VALUE X; To The 
Parnce's posimnom. AT EAch Point Ti we conNECT TO Ti-, by A 
STVAIGRyT LING VNTIL We have The VACGEd LINE between Xb 
find Ya AS showM. The Amptitvde To ceT TO Xb,tb From Xa te 
1S Givey bY The Product of The fAmpiutede To Get beTWEEN Kerr Ecos, 
And Xe te, 


CKO XW, El]. [WG tey. Re e)| wang. b WEXe Ay ET LAC Rare] = 700) 
This Longe Product ot frmplitddes (8S whaT | MEAN bp xt), hs, 


FO DE My ae ok eel 2 ee 


$7 


The TESOLTING UTEGYAL TELATIONShIP 15 


KOb, a) = ‘eae PLxcty] da dur 01 d Xn 


N-1 fold imtésvAnon 


IN COMPUTING TWIS AM PLITUde 


we MUST 
hich dePends ON € 


Such ThaT The 
blow up IN The timiT AS €E 7 0, 
jhe Above FormulhR COMPLETELY 


chose A NormAll 2 ING Factor 

VALVE ot Klb,a) does NOT 
But This 13 The tdeA ANd 
describes QuAwTym Méchanics, 


TYPCALLY When The PACTICLE IS MOVING IN YEQions of POTEWNALS 
The vatoe) for K Get very comPLICATED. But For ShorT 
INTERVALS The PArMclée ACTS LIKE A FYEE PArTICLE, bE 

TO The CKTErNAL forces ACNNG ON IT, 


EnNnovuG bh Time 


ie eS OMYES paonsive 
Thus To First order APPLOXIMATION 


zm A - . z . a7 Bh Ft “« 
P[x co] = an e Ze CX +r) x:)} oe Cx x - ip x 
so : pla ee EN 
bey = exp EMS “a *') é 
2 A q70 e 


Heve 1 PoT bAcK IN KR ANd ve wrore The ExponenTNAL A LITTLE ai fterenTly. 
In This foam observe thaT AS € 


— 79 
More Arod more LIKE A 


The Ssquaved TeymM GeTs 
VELOCITY IN The CLASSICAL Séwse st The defiminom 1-é, 


; { Kime Ke 
tm ice ae a 
) - exp x { —-—— a. ey ( +i ) 
This fomcTonAl 1d , therefore | fEPLACKEAbLE by S INTEGCYAL 


, b 4.68 
RK o~ (e 
dimewSionS of ACTION (IE, 


AGAIN hAS CLASSICAL CONNOTANON ers teee 
skct Where 


The wireorAlL WAS rere? times TIME Pd 
WE CAN veplAce IT bY 


b 
STxit] = \ = dt 


o 


Ovr Anwar vesulTS Give 


SCxcta] 
p > Cowsrmr) @ 


ae 


| want To Go bAacK To The Trovblé WE eluded To with végards To 
Chosine A NOCMALIZ ING fAcTOr Which pPipn'tT LET The “Amped € 
blow vp in the wimMIT AS E€ —O, From Tre tree PAYTICLE CASE 
we found The factor To be 


ra (=> 
> Tewhee 
1 preter To handle This jactor be 


INCOFPOYATING IT INTO The 
dittereurials 45 


dX OX p26. Akane 
A A A 
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The 


scyipt Di SfherenNAL PoTAT/ION 


J). | Dx) = 


Mis Norranon 


DMKRctid AAS The meting 


VS) ay dia. od er 


The Amptinde to Ge From A tob 15 
B. 5k 
K€ ba) = \ a 8 SEBAL D xz) 


i 


Usine 


This EXPFESSION 1S CALLEd A PATH INTEGYAL, 


WE sAw THAT The eypowennAL cOoNTMNEd The AcTION of The 
PArTICLE 


POINTS, FortTher we Assumed first order 
APProxIMANION TO A free PfYNCLE I... There weve No 


ACTING, RuT IN GewevAl the 
The LAGYANGIAN oF The 


Moving beTweew TOO 


POTENTIALS 


AcTlon IS The Time mpTEeorAl oF 


SPSTEM, bF., 


tp . 
S> nm Lex x40 6¢ 


Where The LAGYANCIAN 


Uck, x,t) |S detned to be 


LCXx,x,t) = (KweEne - POoTENNAL) Everoy 
> m xX* = VCX,t) 


Add We AddinonAt term To The &X%PonewnAL To 
Consider Tre eftecT of Forces ACTING on The PATTICLE 


d = exp if a (kin 2)" ¢ - 2 Vox) a 
i é c 


For shorT TNMeE 


ThuS We have To 


WUTEY VALS Wwe can Average The poTaxnAL beTwEEv 
The Two POINTS Awd wr ITée 


z| ™ Chp-ta)® _ (RetXs\ (tb-Ta) 
Kix tetal. = gs hL & Th-ta Vv z 
aia is tnkil(etw C 


ConTINUING When A vector poTayNAL we MUST Add MWOTher 
— %2A0(x,t) To The Above YX PONGENTVAL. AGAW AVETAGING 
foc ShoeT iWTECVALs ST om Gta xeyh _ 


KC = Se (ee -£Cx6-%) ACP) 
b, a) = 
V tnhe (t-te Cc 
4 


id PFESEUT 
Term 


shor e is The Charee ow The PATNCLE, 


NoTE ThAT The EXponasnNAL 
The anon OF A PATTICLE Movin] WwW AN ELEcTYoMAGNENC Hhetd. The 


LAGrimo1ANW of The parncle 18) Givaw by 


Ls mk” + o Vex er = & x AG,*) 
re $ f c 


5 


St 


If we let The fmptiwde of The tree PAYNE Monon be described 
by UL Xlt)] Ayd have The PANCLE MoviInG IN AN EXTEN AL 
glecrromAGIWEnc hetd Described by The foor- vector, Aw, Then 
the AMplifude for every path 15 


: b 
P, C xctr] = G, Cx] exp 7% Aul% du 


c 


Where - Ana (¥, €1 dex - \"vde , Jakae 


INTERPEYTATION oF TPATH INTEGTALS 


Wwe have JUST wrineN dowN ALL of NON-reLATIVISTIC ANd reLAnvIsTiC 
QUANTUM Mech mics And (T Wovid be Good TO vddersrAnd specifically 
WhAT The NOTATION Means. Fivst observe ThAT The contribyTon of A 
Comin PATH To The TOTAL Ampubde of fw evenT has A Phase 


CTION fe aie ' 
propornonAt TO The ACT 3,! ‘ £ stxctr] 


fv) LC xct)] = (cowsrtet) © 

Tis is, in fer, A PASE CONTTIbOTION Since FR haAS dimensions ot 
ErG-secomdSs Just LIKE The ACTION. Observe The Chitoes IN The 
ACTON produce A PhASE ShIFT IN EACH PATHS CONTTIBUTION. Further 
by facoriwe ovT The tree PATNCLE AMpLTede AS @.Cxe], we 
See THAT The ner Effect of ELECTYOMAGNETIC Phenomenf ON 
PAyncle MOTION 1S To ShANGe Che PhAsEe ot The PATH INTEGTAL 
This iS Very ImMporTAnT TS undersmimd ANd MAKES EvecTyicAl forces 
seem CuTe IN how Trev AftccT A Phynclé. 


For The ASE where The vector PoTesTIAL 18 Givew bY A Pore 
GrfdigGwT Then The PATR doés NOT depend oN Which wht The pirncle 
Moves becavse The PHASE NEvecr ChAness. This exPLAINS why pure 
GrAdent Néver produce fwy effecTs. Twis Explmns Whi IT Was OKAY 
To foreer The & TERM Whew 1 wis working The free PAYTILLE Problen. 
You recat The SPecrte Term WAS Q@Wt = GX 50 is 26ST 
V (I) | The CONSTANT poTEMTAL ACTING oN The PaAYTICLE, 


The CLASSICAL LIMIT 
leT's see hOw we EXplLAIN CLASSICAL Phenomenft trom The PATh 
InTeev AL concept. AT FRrst Gliamce oF PP Pperrs ThaT AW PATHS ConTIbYTE 
EQUALLY TO The fmplinde fwd IT 1S NOT CLEARY why ome PATH 15 


VNIQVE Ard vorvey ponds To CLASSicAl PATH. WE Know ThaT The ACTION 
\s A Minimum for Tre ACTUAL dynAmical Path -— buT why? 


Fivsr ohserve Twar IW The CLASSICAL ScALE The ACTION 1S) ENOrMOUS 
Compared TO RH C= Id*%eve-sec) ,The Phase Contribornon S/H 15 LIKEWISE 
ENOTMOUS , 1-6. FAPISLY OSCILLATOTY., Even SMALL vari ATONS of S corresponds 
Fo 2nor MOS PhASE chitiges Svch ThaT The DTA ConTMIbyTWNY will Add 
To mether—A ZEro AS The oSCILLATIONS AVEerAce To Ftero. 


GO 


Thus foe vy fferen Gg 


PATHS with pi Fey rnc 
Cfmcel each Omer OUT. 


Acnows The 


conmibeNons 
But tor The SpeciAl PATH Where The AcnoM 1S A 
MINIMUM first order ChfwGees IN 5S do NOT ChANGE S §0 The 
ConTribunons oat NEAYDY PATHS beGIN TO ftdd Ww PhASE Midd do NOT 
CASCEL OOT, WeE cAn 


IMAGINE The 
The di flerewt 


StTvATION BhOWN below Where Kerr 
Bvt for The 


inverter with EAchoTher find JST Knol Themserves uP: 


CLASSICAC PATh The wtérlevence is comsmucnue fiNd don'T 
GAT ThemMSELVES UPp- 


phase 


aeptire dé To 
Ger om 


£ 
Sa eda ere 
X(t) 


ALL The SQuibgly ShorRT Lines come from fim ptitedes 
Computed for PAIN beyond First order Chiwoes in J, SKCO. 


© | 


PATTICLE releASéd with A GAUSSIAN DiSTribuTiIon 


14. free 


} wood LIKE To DiScusSS 4Furthey The CASE of Free pArNncle MmoneN 
POSITION oF The PAYTICLE WAS GiveN AS A GAVSSIAN 


where The IN MAC 
To sAY The PATTICLE LocATIDN 15 


RbovT SOME OriGIN. ThAT IS 
sa hale f(x) = e 


The ProbAbrtiTY of FiwdinG The PATNCLE AT POWT X JS There tore 
t 


= ye 
ZA 


Givan b - zt 
uf Rix) <2  @ = LFCxt 
USuALLY ThiS tS NormALIZEd by The MAcTor in eet ia he 
Zz" -2x* 
Fcx) = ( T 
if we START The PArNcLE off At to=0 ANd 
AmMpLITede TO Awd iT LaAtrer AT PONT 
have THAT 
i mix'-w _ & xt 
% 


Wx) “if ae =e 27 e dx 


ASK Wht tS The 
x! At tine +. WE 


nik 
=o 
This inTecrAL 1S OF The form 2 
% = Bian 
& 
| Lexp (-Ax = Bx) | dx = | hk € 
“0 
Where e a ~ zm es 2mx 
A 2. 7 And B — 
acs 
Therefore 2 x ond (oo 
4] % T ™ ZT sae 
Wex ) me Ti oO im 7 5 i E: Ce 
GCs Te 
i sx) & / o im) 
its (= o- . een lS= ay 
7 EBM inr © 
or ee 
u Ce 
YW cx’) = oT e Cl + mo 
v 1» oe 
m 


Jo Ondersmind This YESOLT FIST NorMNcE When T & Or 48s, when 


the PAYTICLE haAsn'T GONE Very Fre We Get The OFIGINAL ProbAbilir;: 
distribunOn. AS T GeTS very LARGE The PAT CLE spreAdS LiKe 


A wfve OMI CINATING AT A POINT, 


TO comPyTE The ProbAbitiTY To fund The Parmele A X' 


Ci- “EY yt 


Cit TAY) 


Pix) = I gcx') Bag 


of 
(= 


where 


' qa 
qe? = YWcK) = = 


Thew ee xh 
PCx') = vi | Fe ee cree) 


NOTICE ttf we LE 
fe 


ae G+ TAY) 
m 
Then we have ThAT - x 
PCcx') = £ c 


Which SAYS The ProbAbitity has Broaden ST AM Rebun T EQUAL 


‘i ee ae 
}+ Tuar 


yt 
TiS resovlT 18 Quite amportANr for 1T Teuts US how The 
ProbAbiutTY DisStTribuNon SPreAds WiTh TIME, IE we cALL The 
width of The distribuTioN, AX, The root nemw sgufre dEVIATION IS 


- \ | oS 
= —— = — + —— 
(AX) r ~ (| = 
oe Ger ee 
ch t me 
Sin CE tie etc (AX)e 1S The InsNAL YMS deviANON we hfve 


. . a ie 
(ax) = (AX). * (<..) 


’ 
Now LeTS veTUrTN TO The QUESTION of how The ProbfbibiTY 
DISTTIbUTNON SPTERdS WITH TIME, CLASSICALLY This VesuLTS Corres Ponds 
To AN INITIAL’ UNCEYTRONTY IN POSITION Which Grows with Time, If 


1, CALE (AVe) The cLASSICAL UNCETAINTY IN VELOCITY, | See TWAT 
Ao = AX» 
2 t 
Such Mat (A ee ve 
/ = \. \ 
Then es a4 / ~ LAKe = 
CHOY = (ORs. <n) yam 


6.5 


Should be Ee e Ll wiTh e / 
h Tevem h AV i Wg 
; : ArY fo Th 3 e€ Which | h vd lef 


i (Ax)° = (hx), ; (EY 


the Secopbaeeee OS ME TIEKT hid side cePresents fo extra devifnon 
DK = ma) 


Av» ™m 
an HAS ThYSICAL. SienificAnce SINCE AUS™M IS Just The UNcEermmtyY 
t ££ PITNNclEes MOMENTUM, AP. The fact That * APPERYS IN Our 
TE SULT. CONVINCES USOPIKAT The SPrefidinG WwW Prob bility 1S <nawsse 
QoANTDM MechAnicar IN MATE | LE. YNQUE TO SMALL PRYNICLE Awd 
eae YEQIONS oF SPACE. The ImporTHNT resoLT 1s There fore, the 
/ 

NCéeyTAMTY IN POSiNnon AT some time T 15 ae nad Thar cre 
STELATIONSh IP, wiTh The vNcerTMNTY IN MoHenTIM 1S 
AX, AP = 
TS IS The UmcerManty PRINCIPLE Which You fre Fmulifir with, 


AS ANOTHER EXAMPLE CONSIDER A GdUSSIAN DISTRIBUTION Which 
IS Now modulATEd by @ sech THAT IY /) 
x 


q -S yt ihkx 
f(x) = y= er ae 


Now The AM PLITYVdE WHE PARTICLE AT X' 15 Giver by 
os Em pulant. a pe 
yor) > HE [= ap OX) a XP ike 
T VenekT e € € dx 
-00 


This INTEGRALYOF The foRM 


Qt 
rs % -Ax*-®B¥ if e “4A = 
= ties 2 dx => yA x 
where we have tro fwd A And B. if we EXpfind The 6X Pomenmat 
‘ ae , Lu : 3 . 2 . u $ * 
em Cx EER 2 KN) = OR ow CK 65 Bm Lf him - (émy'= ERX 
aT xs aT ($F ie ie *) 
The ketone o& _ em = . ' 9 
A> &~ BS fC = a) = eee ie Ar 
T 7 mx’ 


ym x’? ¢(tmy'\* 7), kr 
ree Tees i m Ww ee ( ett my) Jen - im 
Wx') = is — oom e e FO 
T UNchT or 


The coetticien) CAN be wRITEN AS 


a 
TN {tects 
m 
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The yponauTiAL CAN be MANIPULATEd Around TO A be Tee tore 


: t tou tT 
a Ge ..? 7a, « tmx (g-m) 2 mix» 2kEmt 
Ut 7 m x m* x hie, + a om 
mn hd) ; 
LLA =) ec - £m ) 
Ex Prinid ly © 
z yt 5 . 
ete ae ee. emer Ax’ ( am =e) 
_ T S a x! 
Toa- HM) Et} 
7 T 


Tera 
The fvst “crm Gm be writ As 


. ut ~ 7S Po & aA 
tame : ‘ ee aT if zt Cie ss 
cm . - ae 
TU (an) ~ 2 emt 1 aA ly 
The Second TERM CAN DE wr IMTEN 
be CP 4&) | ket 
Zta- 2) : = fae Pe sae) 
¥ . 
fo a ae) 
ThereroRe 6 Le = 
At ae: thx’ Pie SAE) 7 /c1 + 8) 
= m 
Wx’) yn = j——. atte eC. 
Nor ice when cad whe Ge»lr SNe Goo PISTRI bUNON 
ar =S yet ! 
‘ a A x 
MO ee = Fcx) 
THis we Kpeciréd. 
More imporrAVTLY i4 A= em’ We GeT the free 


PAYTICLE AmpliTUde AS COMPUTED on PAGET 62. IF we ReSTORE The fF 
INT. The formuca for A 


Fen m & x! 
2 ‘ ae te 
Rui X/p 15S The ANALOG of VetorceryY MNd MY Is MOMEenTUN 


such JhaT 
. P= hR 


The Qu ity Jk i The Phase ChANGE PER UNIT DISTANCE of A 
whve , SINCE The WwavllLvGIh IS The BisTAnce 
Phase chANGES bY 771 we have THAT 


A= %1/y 


oven which The 


CORRES PON! 
PO NolY Then P= h/ F We have Thus Tied TocetTher 


The sden of A MOVING AMpLITUGE WITR WAVE behavioR ChALrACTERIREd 
by A waAveélenGh, Iris This REST THAT IS Sond AmenTAL TO 
Tne undeRStindiug & QuirTym Mechamics, 
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Sy 


B. Momentum = RePres ENTATION Ref Feynman ~ Hibbs 


chrAprer S-) 


So FAR we hve been CONCERNEdM WiTh EXPLeSSING The PRObADbILIT? 
pt AN EvenT occurtiING IN Ten Ms OF The PATTICLE'S POSITION, X, We 


wrote A WAVE function, YCK), ExPressiING The AmPLITVde of FINDING A 
PATTICLE SUCh That The PrObAbNITY ot The PATTICLE To be AT AX wiThin 


Avance OX iS PCKIdx = | WCKII dx. We Should ASK WhaAT 1S 


The AapAloe for The PAYNCLE 7 hAVE A CerTAIN MOMENTUM P IN 


RANGE dp. 


Consider 


The SITVATON Where WE KNow Tne PATTICLE 
DESCribéed 


IS INIT ALLY 
bY A Fuypcnow WX) ANd we ASK WhAT IS The ProbabitiTy 
T Find iT A POSITION yY pr Some LATER tine T. 


| 
IF The PAYNCLE 1S INITIALLY LOCALIZED To within dX g irs, 
At t=O, Then for The PArnclée mw be found AT 


IT must of hftd A PATTICULAT veLtocitry which ¢f 


We CAN ThINK oF WW The CLASSICAL Sense of 
VELOCHY, 1.é,, vs # 


— 


WX) 
1S ALSO The PAMcLEe hAd A MOMENTUM GIVEN by 


P= MV = me ae x — 


Since The iin UNCETTPONTY IN The POSITION WAS dX, The ERROR IN 


SeTECMINENG Pp cA be MAde SUSEICENTWY Smp~AlL bY TAKING T Sufticiaury 
LarGé, uc. AP = mdx/, 


That 


Thus The Quesnon oF ASKING WhaT 1S The ProbAbiLiTy ot +indinG The 


PAarncLle AT wWITAIN d iS The SAme AS ASKING WhAT IS ITS PrObAbILIT? 
of hAVING veLociITY VIN dv, 


Plyrdy = PCVDOVT) 2 pevnyT dv 
WE KNow The AMPLITUGE TO EINd The PATTICLE AT 4 AT T 


= tm 2 
z ™ 2 CX-4) 
vias Vie i“ é Wor) dx 


1S GIVEN by 


Fo we substitute 4° VT INTO THiS frmpLlito de 
~% ‘ 2t , u , 
™m emy t™tmMx - %™mxXv 
V = ZT “= 
Wivt) {5 i Cag Er ge tal de 


WE CANNOT INTER PERT V AS VELOCITY UNLESS T 15 very LARQE IN Which 
tmvir 
ense e = ‘SS RAPIGLY oscilLeAToRY ANd Does NOT CONTMIbYTE TO 


¢mx2 , 2 
The IWTEGRAL. FurTher @ “AT 1S Neelicibiy SMALL ANd e827, 5 
Abour QUAL To 4. Theretore, 


-~ cmxv z 
Pv) = Pcvt) T = | pevt) | > = | e Vix dx 
um 
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Norce TrhaT Trig ProbfbilitT’ 1S rndepen Dat of T which 1S ff Good 
THING. Tris SAYS YOU WilL MeASOTE The Sime VeLtociTy IN AN hour 
Ava A hALF Tait You did AT RAN hour. FINALLY SINCE 


Pividvz Pipydp = Prp»mav 


wé have ® -7mVvy vL 
Pipi dp * ae | \. e ”* yon dy | 
cP 
( d “s dP ® é 
Pontes AB | OT oF yaaa 


OBServe TAT The MOMENTUM PrYObAbILITY 18 N4ePeNndenT of The 
PAYTICLE MASS ANd , Therefore , 17 APPLICS UNIVERSALLY. 


IT 1S cOMMON TO writT€ The HOMErTIVHK FrmpliTude AS 
- ¢Px 


@o 
pcr) = Fire) -w e * pry dx 
Thus Given The wave funcnon Wer) we Cf And & correspon din & 

cp) bY TAKING ITS fourier Trfwsform. The Questiom of where The 

FactoR ‘Ark apperrs 1S SomeqQnhAT Arbirrnry ANd 1S difteRenT PR 
ench book YOU ReAd. Nore TAT iF YOU ATE GIVEN Pcp), you CAN 
FOURIER TRANSFORM BACK To FINd WA) 1.6, 


is) ¢ PX 
Wx) = f piple * dp 
-o 


SINCE We can CompoTe Wx) by The INTEGrAL he K CX, x"; T) Fox’) dix’ 
Where KCy¥,x', T) iS The Prnicle’s Kern@t we! ™ shovtd mot he 
SYrPriSEO TO Find AD ANALOG 


@ 
PRED © i Ace's T) Perr 
Since WE kwow WhAT KX, x’! IS we have peri The Specie 
FREE PARTICLE eH wh aT iS ine \F we subsnrwtre for 
Six). i Popy e€ 7% dp’ we have 


© @ p'x’ 
(x) = CH xT = 
v j KC%, x5 T) | Pcp’) e ahh dal 
-0 - 00 
WORKING Throv¢h ATER SuUbsnTNNe ie + 
zm 


hope’. T) > SCp-p') e 


\l here dcp-p) iS We divrac dettA Ff vunNcTon 
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15. THE SCHRODINGER EQUATION 


ChapTER q-] 


We have heen Quantum Mechani2zine ThINGS bY WRITING A WAVE 
FUNCTION Ce 2 
= s ‘ ’ ‘ ‘ 
y (x,t) ‘< KC xx's tt") ex’) dx 
where, Kx) %'S. ot) «§) The 


Key TW cALCULATING MACHINE 


IN QUANTUM 
ImiTIAL 


MéechAwics foR IT CARRIES The AMPLITVde Wx &') tnt The 


Future Awd LETS US PREDICT EVENTS. FoR The CARE of The FREE 
PAarancre we touttd MAT 


IF we Now srudy The BehAvionR of WC%X,t) foR vEeRyY shorT TIME INTERVALS 
sych MAT t-t' =€ we 


CAN WRITE 


° (%™ . caey Dun Ae 
(x,t té)< mld (x,t) aX 
ig tb UNiKE : ¥ 


Notice tf yx! as APPREcIAbLY Different from X, Then AS € ApPPRoACchES 
EERO ThE EXPONENTIAL: OSCILLATES VERY RAPIDLY. 


Thus The IWTEGTATION Gives 
USe bBACK Wey! t') 


Which IS Goodss if we DON'T GO ANY Where we SNLL Should 
Sbscave The SAME ProbAbILITY. 


Now AS x" NEARS X | SAY MF X#M, The Exponevnat bewins 7 vaARY 
SLowl S®9 we DO GET SOME SICNINCANT CONTRIDUTNONS, WE CAN REPLACE 
Wert’) by Wexrn,t) And EXPAN IN A TAYLOR SERIES SINCE WE 
ARE ONLY INTE RESTESA IN LOW ORDER NAshé, 


WOxIN, t) = Yex,t) + n 2b Pe her tak 


te Ogxr* 
NOW We MUST INTEGRATE 


zm 
the 


% im” 
™m rv 
oa ceenr rear 


WERE WE SUbHsTITUTE A 


Wex, tre) = 


¥°=2eeK, Fed dye dT . 


The FiRsT INTEGRAL TURNS OVT To be Just Wex,t), 


& 


Ref. Fewiman and 


Hibbs 


tmnt wie)" 
ym = ™m —_—— = 
PAN eae at aR sy ee ae a th 


This 18 JUST A GAVSSIAN INTETRAL Which we hfve evaiuaATED before, 
The Seconda IWTECRAL | 
by 


Ne wh dn INTEGRATES To O, 
TERM CAN be ohbTAIWEd ditterennAnnt The 
ReEsPecT TO M_2.£.. 


= . comnts ‘mnt 
dey gfe Te yy. a (MH 
L 


2 € eh oy 
dm 


The Third 
FiRST INTEGRAL With 


es ithe)". 
e an ae : 


‘ ed ie 
Then a*y iw re émh> 4 mM 3iu 
— — mu tay at 
e) Teme 3 SP" nee Ss ee 
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WE have sotAR Found WAT 
‘ x 2 
WexX,€1€)-Wex,t) +9 9W 4 che chal 
ax ZmMm Ax 


Swe € IS SmALL BIE CAN Exphd The Lej{t SIDE IN A TAYLOR sentes 


ALSO, 


we, t) 3 ay = Wex,t) + — whe of 
ot Z™ o9x* 


This REQUIRES THAT %WCxX,t) must sATISSY The diffERenTiAc, 
9Y = ihe ay 
ot Tm ax 
Fak Tre Above EQUALITY TD hOld TO RST ORDER. This DFteRewnaAL 
EQUATION (DHEQ) 1S ofTEW § ECeW WRITTEN AS 
iA ake 
-had .- HY 


2 at tm ax 
al shay - -h ey 
ot Um ax” 


This DIFFEREN AL EQUATION 19 SChHRODINGERS EQUATION, SOLVING This EQuANON 
is The VSuAL WAY of DOING QUANTUM MEechANICS. 


TO GENERALItSE TWiIS RESOLT TO WREE DimMenSIOMS WE Wourd START wilh 


Tns Whrree Dimension At KERNAL iw Oxex') +0 y-7')2 + (2-2')*] 


Ktkaye= f™ a 2A 6¢-t') 
tai he-t? 


The RESULTING EQUATION 15 5 
_ L 
~y va. Le ( a rue ae 


uv gt um 


lL hMicht POINT OUT THAT Many PEOPLE LIKE To WORK IN The 
MOMENTUM REPRESGYTATION WhERE In ThREE Dimension s 
=p 8 ok ae = > 
Pcp, t) - e€ zm Cf -E') Pcp,t) 


Where The MOMENTUM AMPLITVGE 18 Given by 


5 -£ 5.x ie 3 
PvP, t) = j e* wrext)d?x 
Since Wk, t) 18 Giver bY The FaurieR TRANSFORM of PCP,t) 
7 tay 7 . 
Wilk t) = a PX 0 8,t) dd 5 
Canky 
IT 15 EASY To find ThE ANALOGOUS DiItERENTIAL DIFFERENTIAL FOR PCP), 
a > a 5 tee 
Re MRE ce EE OC cea ee 
ie i a ins Net FO amy 
This SimPlIyY Becomes 
ae Voge 4 «Fo gies) 
c +t 2am 
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This DIFFERENTIAL EQUATION 18 OFTEN EASIER TO SOLVE SINCE 
Is ONLY A FIRST ORDER DERIVATIVE. You Shovtd Nonce Thar 
DiFFEREVTIATING bY KX 15 The Sfme Th] AS MoLTPLY ING 
by op. WE cALL Tas ° 2% they The MOMENTOM OPERATOR SINCER ITS 
AcTION ON ThE WAVE FUNCTMON IS ThE SAME” AS MULTIPLICATION bY P, 
The INVERSION of This OPERATION 1S DifFFeREenTIATION by -ch od 
WOHICh LIKE A MULTIPLICATION by X. WE Nave sThere PoRE Two ld 
REPRESENTATIONS | POSINON ANd Momewtum 
SthrodInGEeRs GPYVATON 


Ty 


which cA be VSEd IN Sotvcne 
or for COMPUNNG ThE AMpLitnde vif The 


PAT INTEGrAL APPYOACh. RuT Boh REPRESEVTATIONS ARE RELATED 
BY TAKING fouRlIER TRAWSIDRMS., 


ONE INTERESTING SOLUTION To ThE Dit.6Q JusT DER ED IS FOR The 
FRee PARTICLE Which hAaS FAW Ave foncnon Given RY 
= oe EGtsRP 
p= < 
INSERTING INTO A 
b 


we fwd mat E>-© a3 et a 


Lm h Lm 
This 18 vosST The EvwerG4y The free parnclée HAS, 


PERTURBING PoTENTIALS 
NEXT | want TT Discuss wh NAPPENS When ME FREE PARTICE 
1S NOW DISTORKBED bY POTENTIALS AWd FORCES LIKE TWOSE RESULTING 
Srom ELECTRICALLY ChARGED PLATES, HERE WE ARE AMLY GoING TO be 
CONCERNER with EXTERNAL POTENTIALS ACTNG ON fA ChARoED PARTICLE. 
This 3S JosST ELectrosTancs, 
+y 
AS You RECALL NOT LONG AGO Uw € MEVTDONED That Given The —— 
free PATNCLE AMPLTUdE TO GO ACROSS A PATH IN FF POTENTAL WAS ITS 
Phast Chancep By The fmouNT - 9%, 2) Vixrdt . We cAw EVALUATE 
This INTEGrAL IF WE TAKE A VERY SHORT TIME 1. £., 


ejvindt 3 e lL Vom, tr) t Ver, t.) |] 
za 


Here | have JUST AvenfiGed THE POTENNAL BeTween The 


To POINTH. If A VEcTOR PoTewnAl IS ALSO ACTING WE mousT 
fidd STILL ANOTHER PHASE TERM 

2 Acn,ty) + ACK ,t.) | *CXe-% ) city 3 
AVERAGED bETWE& The Two INTEGCYATION POINTS AGADA. 
HonticAnon yo Tre PARTICLE'S KERNEL BS 


py Oe-x)> tek | Vou an : 
K C2, b Shy t2,%1) > mM eth @-t) ae 3 ie X24 7VCv ti] Cer t,) 
Unch (hit) e 


" e Cf C Alxk,tr)t ACX, t1)] CxXr-X) 


Where | 
The TOTAL 


70 


if we JusT WAVE 


A ScALAR POTENNAL 
PhASE ChANGE 


Is JUST Pd: evt 


ay = 
WVCx,t)= e Mw CEt-PxX) a. chFecT of A PoTewnAL V IS To Add 
SOME GvVERGY To The SYSTEM - A VERY 


V ACTING MEN The 
Since we hve hat 


Under STAND ALE THING To hAPPEN. 


GOInG BACK TO 


schrading ER's 
IS Moditied, NoTICeE 


EQUATMON TO SEE how 
we Wfve The pfrncte’s KERNEL 
tm (%-x!) = 22 Vex~ Cl-6) 
KF @ 8 @ei « * 
FoR Smatl Time Peronds , é€, le een ce eV 


ay cA 
Wy, tte) = | ee e tS e Wecxry, t) dy 
-o € 


=U @VCx) 
we have To Ck pANA The ExpornQynAL Q@ € 
- ¢e Vcr) rad 


= Se VCx) 
e % = [= See's 
fh 


Sor SMALL — 


When Twig iSmMuLnPLIed bY Tre Cx pis10N of WCkXtN, T) There 


1S ONE EXTRA TERM HANGING oN AT Te Evd Which When carrecd 
ThrovGhn Giv €5§ 


ee 
-hoy. -A a 4V6x,t) 
& oF tm 
AGW WE See A LITTLE EXTTA Enerocy COMING iN DUE TO The SCALAR 
porennArt Vo such TWAT 

EC = Lids + eV 


uy 


Where eV 15 We POTENNNAL EVERGY, 


Remembering This For of 
E us of TY fA Revrigtic RULE TO 


plus into The Above EQUATION 
if You KNOW CLASSICAL MEeChAmicS. But iT 18 BETTER To KHow 
Schrodiwweers EQuATNON And find WAT EF r + Vow 
m 
SPIN ONE-HALF, suPERPOSINEN of STATES es ae 
As AN Side TO TOdAY'S Lecture BET ME Show You how RoranonaAl 
MyAANCE LETS 


us Predicr The STATE oF A SYSTEN, 
With A Definite MOmEenTUM. There 


Found- iT cAN hive Spim-down. That 1s To SAY The pARNcte 
HAS PosiTWe AVGULAR MOMeWTUM A bovT some ZF AXIS 


OR AloNeG The - U AAS, 
There (S No AMPLITOPE To FINd The electron TO be IN ONE STATE IF 
IT tS IN TWE OTherR. 


CONSIdER AN ELECTRON 
fre Two STATES IN Which 


iT CAN be 
SPIN -Up or 


WE WAVE TO ASK WhAT ANUTWER ObSERVER WOIAVULd 5 EE 


A pHerevT coor d I NATE SYSTEM | cALL IT THE PRIME SysTEM ROTATED Throveh 
some ANGLE O& fo The unprimed SYSTEM. SINCE The 
Gone iNTO rH NEW STATE we have Express The 
Combinanow of The +2 nnd —#@ STATES, 


ee = CLL) ise + CC.) e> 


-z' 


FF he WAS VSING 


elecTTonN hAs nNoT 
+2’ STATE As 


7b 


The coefticrenwrs oe eae AN d Ct ss) fd AmMpiiTudes To Find 
The pPArncle In 1+2'> STATE if IT IS IN The Te STWTE ANd TT Fryd 


eT wt SF 4h a 6S ON IES TRTOCLY. 
z' , 

Citys) = Stu? > 

€C°S) * gt hee's 


Therehre we CGV WRITE 


lag > Ss S202 Se 1se. > 7 em eee ol eZ 
THERE 18 A CORRESPONDING Expression FoR The 1-2’? STATE, 


[=e 2. ZAaPiag a lees & Seeiee sl Fz 


To Find out whAT The AmpuitudeS ARE cONsIdeR WE DRAWING 
ARGUING FRom The PicwRE Wwe hAve 


' = a SIN Or [- 
ice > = ete Sy Pee FO Se le 2S 


The REASON FOR HALF ANGLES 18 TO PRESERVE The PhYSICAL 
STATE OF The SYSTEM. 1f GO, =O IFt' = I1tEP AS Expected, 
But if ©, = 180° Wen I*2'? = 1- EP which SAYS we 
Mow ScE The electron SPINNING DOWN. ThE coRRESPONd ING 
|\-2'> STATE ts 
' ' Seg 2 = 
l-Z > - sin YJ it27 + ee Aes 
if STILL ANOTHER CooRDNATE SYSTEM HAM wE VSEd SAY ThE 

double Prine one we Courd REiATE IT TO The Prime SYSTEM, bE, 


[a 2°"5. = cos Os [tz> + Sin Os [27 
if we subsnwTe for It?2'> And 17-2'7 
Oy ]- 
lee" 7 = Serf cose Itz SINS l-2>] + Sinee - s~S ee pe eles 2 
tu 


This cht be expanded Ad simplified Ta 


Lae’ s « cos (OitOr) | tem + SIN (O29) me 2 
(= 


SINCE The ToTAL ROTAMON © 15S JUST ATOR |The RESVLTS ARE 
CONSISTENT, WE CAN ExTErd THIS” ANALYSIS TO Three dimensions ANd 
Derenmine Ate The cOcfhiciewts LN TERM of ONLY Two SrATES - THAT 
1S AN AMATING RESULT. 
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le. THE DiRAC EQUATION 


$0 fan we hAve develope QufWTUM Mechfnics TO The PINT 
Where We hd AW Express/on For SChHroEdINGERS EQUATION, 


z 
he Y= - Egy 
& at Lm 
This IS The Proper form of The diftere nMAL EQUANION IN The 
Abser&e of ANY EXTENAL POTENTIAL. When aw exTERNal held 
18 TOCNEd ON, The ModificAmon TO The Albove EQuATION 1S 
-B2 Ps 2 ( KF-8K).(RT- 2A) prev 
& oe * 2m é ¢ é j y Yp 
This 1S The GenERALIZEd NON-RELANVISTIC SchroediInceRr EQUATION, 


Now if WEeARE Aiming foR A RCLATIVISTNG ALLY INVARIANT expression 
we will have To MAKE AN IdenTIhcANON AS TO WHAT RepresauTS 
The YELATIVISNC EneRcy And MOMENTUM. If WE RewriTe The Above 
EX Pression AS 

_ zu 
=a * ev) Sk Dogs A 
( é at ¥ ae € G ) ¥ 
WE CA REAd\LY IdennfY The weeGcr ANd MomevTUM IN THE 
CLASSICAL Sense AS 


While 


what IS 


‘ 


eps # 


we have TO be caretoe here becAusS€ The ENERGY 15 ACTUALLY 
Shifted bY Mme rest ENERGY, mc® So THAT 


gh 
-<€ 


ex Ef +» me 
Lm 
This YESLLT followg From The RELATIVISTIC Expression FOR The 


ENERGY Which WE haAvEe previouSl¥ developed, 1s. 


E: [mic + pe 


the effecr of mct 15 TO Shift Mme ero Eweray varve, If we 
; -Wwe 
write Wes PY ThEN Prct-aetinenc ~ € one 


-c¢mct 
Y Retanvistic ea War 
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The Problem we hfve w DEVELOPING The reLANVISTIC SoRM o+ The 


SchroEdincer EQUATNON IS This ; IT TEALLY 1S A PropornONnALITY 


iF E=mer+P® 18 To ~" a - ev)? 
tm € at 


The E = ] micts Prct is To whAT EQuATION £5 


So we hfve cooked up Amd AvALOGY NOW Let's SEE WhAT We CAN 


DO wWiTR 17. FIRST WE MIGhT MAKE AN IMMERIATE SYUKSTTVTION 
Into The reifMvisNc Expression FoR &, 1é., 


Now Me RChT Sid& TUFTNS ovT TW bE A REAL MESS bECAUSE ot The 
OPERATION UNDER The RAGICAL: The Operation Expanded out bEeEcomES 


x z= ates 

(Svar ¥ = eve BGs a ee ee ee 
The soLluNon T TWiS problem 1S EXSY WhEN There ISN'T “ANY 
ExTeRNAL Hhetd A because THE fourier Transform crm be TAKEN 
TO €&kpresS The EQUANION IN MOMGUTUM SPACE Pid PERFORM Whe 
OPer ANON; LATER The INVERSE TrfwSTORM cA be Employed To GET 
The ANSWER IN COORGINATE SPACE. BuT when A VECTOR PoTenTAL 
IS PresexT TAKE Soorie® TWANSTORMS GIVES CompLicATED CONVOLUTION 


INTESYALS Which PATALY BEG The mathemancsS. So fwother APProAach 
1S SouG@htT, 


A Second TRY Wourd be TO SQUARE The TELATIVISTIC ENERGY EAPTESSIONW 
RY’) 

ch ThAT Er: mwic4 +Ptct 
frmod NOW MAKE The idennficanon AS 


a es ae ae ae, 5 p-e¢ ay 
Pe Se ew cae + eee Al ae 
You have TO be cAReFUL here, Tis EQUATION 1g NOT The SAME AS The 


Roove EXPYESSION Evew Thouch IT LOOKS CIKE IT, Further This 
DERIWED bY Wrinne 


Se ee (- Ba- ev) [web ve Feay Y 


ANd THEN RefvrANGING The WIGHT SIBE AS 


[mt 9 +cr(Spay (-§ = ev) P= mic +c'(SV-a)* mctyc'( RY —p) * Y 
Where The SUDSNTUNON wAS mMAdE. The reson This 1S NOT LEGiTimate 
IS That IN GeNeRAL A Depends ON Time ANd Theretore The rAduml 
—KAdAL 1S NOT COMMUTATIVE WITW The Time ditfereNnATION IN The 
ENEREY EK pression (5a -ev), 
ce at 


1S NOT 


ay 


ThE EQUATION WE hAVE GvuEesSsed AT, 
(R23 -evp = metp+(FV-24) P 


IS CALLEd The KLEIN- GoRdon EQUATION BECAUSE SChroddINGEeR 
derived 17 before HIS mMOreE FHmoUS EQUATION Which we WRoTE 
AT The START OF TiS LECTURE. SChroedINcer hfd Tritd SOLUTION s 


mi: ah 
of ane oon Pine? = |e" Lene) 
{ amet t 
fwd tound That ee ee eee [mx -1 | 
& ot ¢ ot 
So The TIME oOperfANON Shovid hE YEPLACEd by met -1 2 
¢ gt 
Howeveg 17 WAS NOT uUNnnt he renlleééd That - 1 WAS SMALL 
L 


compared To MC* And IGNOrAbLE ThAT he was wAbLE To SOLVE 
A lARGe NUMbER OF PYOhlém. THAT 1S, From Tre Above EQUANON WE 
CAN SubsSTNTVTE To GCT 


[Cm Ba ev) Cm Ba na) - (Bo-ayt]P 


¢ at 
MULT PLY ING OUT 


[ xt am (“BE ev) o CAS OY = CE OAT [Yo ney 


And SubttacNNG ooT Tre m?> Term fd ers 


a ee . ui kJ 
(oR a caUey = ee v-A) = (83-v) 
IT WAS The DCOPPAGE of Tre Suet fae foR Tre NON am 
Rhermvisnc CASE WAT PéermITTEd SchroeDincerR To wriTe HIS 
NOW fimous EQuimMon find Sven LoT of ProBLEems. 


To verify The Above EQUANON '¢tS fA LEGITIMATE RELATIVISTIC EQuATION 
we Coucd TYY To Find The HYDROGEN EVERGY LEVELS wiITh IT. If We 
APPLY A SOLUTON OF The nek tee 

YPlry,3,t 5 6 P (HY, 5) 
To Me difterewmat tema 
(83, - Eh) y = mtetp- et vip 


ENERGXR VilLUES”~ Chw bE Aeerrean hs, 


a Ze Ss > 5a i L 
CE Si ee OE ee aa 
Here we ASSUME The h¥droGtn ATOM WAS AT REST ANd The proron 
had No SELF-veAcTON, The eweRGY VALUES Cf be SoLVed AS IN 
vou Chirpter 19 TO Yield 
i ‘ Eg > = me os = .. bdsG: -vours 


n* 


WE HAVE ANoTmER STEP TO GO ANO That IS To PuT ThiS 


EXPrESSion INTO The cCorrecr RELATUISNC form. IT 1S POSSIbLE 
To WriTe THIS SAME EQUATION AS 


aoe hee Pea a ta = = - = = 
ee TE = te CET ew Le een | 
To Show WAT ThiS t§ EQuivALesT TO The Previouscy deveropéd EQufion 
WE NEEd TO MAKE USE of The Propernes of The Spin Mftvices, Ié-, 
ox = i = ov Seep 
fwd 


ox vy = & ”, = “84 oK €eTC, CYCLICALLY? = ANTI -comMmuTE 


To Show This more Specihcaley Ex pfwdinG ouT The RiGhT side 


[ ox ( Ux - Ax) Pog ety aa) Hc, CV, 


-A;) = 
HOUT PLY paige 3) | oxcm Ax) ae Ty-Ay) £93 9-49] 
* oe CVe “Ng Vy + Ag) to,° iat fea LEE Ag ) r 5 *¢ Vy-Ay) CV mi )= cF-A* 
The cRoss -TERMS ARE Of The foRn j j 


“Hg CVn Ax iCVy ~ Ay) T ov ox C Ux - Ay )c Vx- Ax) = 
be, } CMAN Wy Ag) p = (Wy “Ay CVe-Ax) pf 


2 ay. 
| RET dy RAW Aa Ye Bt aay 
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+ he tgy -pty Ye 
os ss ea a ANY Ong iia ae 


; oy ax 
L a = = -éic 
en 7 es | : 3 ¥ YxA), 


The RtACKeTed TERM 1S JUST The CompowentT of Tre W cure of 
A or SINCE VxA =BR oF ts JUSt The 


COM powewT of GB. 
And we very 


The S&VS AMoNAL Formuih GIVev frhove. 


WE STILL Dow'T QuiTe hfve The fawAc ReiAnuisnce form bec fuse 
we Né€d The REIT EveRGY TERM Mc So LET'S write 


2 Soe - u 
-h% 2 -ev - | 3 h Y-¢ { anata’ 
(= es )p Sih 2 YEA Pe ey 
Bur wm! WE DIDN'T SQUARE The ExpRESSION RIGHT ANd IT 1S 
cockeyed, TO be invAariAnT WE MUIT have ALL The Spmm~Ac 


COMPONENTS Groveed WIT The TIME ExpreisioN IN A NICE LINE 
uke CE-pP)CETP). So LET'S TRY he Following 
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ht ewe Selo oy. 8a eek 
| a = eV eel 7 Osh) | [es =v + o°C39-SA) |Wen'c! 
ThiS LOCKS better Ard iS IN fi INVARIAVT foRM. If we Compute 

The tWdvocen GwEeRext LEVELS Now WE GeT The RIGHT ANSWERS, 

BuT we SneL LIMIT The RESULT TO EATERNAL POTENTIALS ONLY, 

IT DOES , however, sansfrcrorily Predicr We SPW ORbIT couPLING. 

Mis €QuUAMNON tS ACTVALLY The DiRAC EQUATION IN SLIGHTLY 
DFfERENT NOTATION. IT CAN Be wRitlEN IN A MORE COMMON foRM 


BY dDEHNING The follLOWwING 


-Ra-ev + .(87-A)|W emf 


G ot 
Such MAT 
ees oa as 


Awd TWiS 18 The more common dorm oF The Dir AC EQUATION. 


we Ch SIremune The MATHE MANGAL form bY ReETUrNING To 
MaATiceS ANd dehning We 
= y- 
= A+ 
ANd Eg§T¥buShing A ser of 4 Co Mp oN GWT OPERANORS SIMILAR TO 
Tre PAULI SPIN MMIVICES, 
The Gewermited Form of The Dir Ac EQUATION IS written 


L CER MNY, -¥-CETA) YG - mg 


¢ ot 


where 
Produced Me And %- There bore 


Wr OPEC AMNG OW Q 


ANd SimilARLY 
Cay, : . Says fe) 
Y. O 
Me PropeRnes of The 4 DinensionAl INV AR 
& es 
¥c = | Tee > hy 7% a) 


ARE ANTI-CommuTATIVE, bE, 


8 
ie) 
2) 
T OPERATOR IS 


Air o's Tre = Oe Us 


Wee 


The PREdICTEd EWERGY VALUES DO AGREE Quite well with ExpermmenT, 
HoweveR The we LINE STRUCTURE Of The various LEVELS 1S NoT IN 
AGREEMENT AWd WoRSeE The wRONe NVYMDbER of HNE STRUCTURE STATES 
ARE PREDICTED. So what AT ARST Seemed MICE QUICKLY TURNED OOT 
TO be Fill WRONG. WhAT we hftve omitted so fre \S CONSIPERATION 
of The ELECTRON Spin. 


To describe A RELATIVISNC PARNCLE WiTh SPIN WE MUST INCLUdE 
A SEScrippon OF The INTHINSIC Spin OT The PARTICLE, TD DO This we 
NEEd Two FNCNONS ,CALL Them We (Xt) frid Y- CX,t) where 
We 1s The f™Mplinde To Be AT X with Spin up Alone The 3 AXIS 
Wmie We othe ompuwde rm be: AT *% wh Sip downs We 
have To , here fore , LEARN how To hAwdlé The me of dy fHecemnar 
EQUATION S, k { | B= eae = - 7A 

aan y) = See AE AN ye 

BoT whit This 1s WRONG. IT would be w@rtehT jf There WASN'T 
A Menenc Heid Around. But in The Presence of A held Directed 
Alone The 3 AXIS ThERE 1S fy ENERGY ASSocIATEd wiTh The eLecTRon 


SPINNING Up which IS di HevyentT from The GQoeroy IT hAS When SpInning- 
DOWN, The ChiweéS bewe 
(#o2 sev) py + 2 ¢ eee + Sek 6. 
ead © dt $ sa ¥ ) be etme 3 i 
(738 . ev a * oes &% V-a)* af 
ee as em oe i See 


These €Qufmons ARE COMPLETE foR A MAGNETIC fields and The 3 AXIS 


beoT LACK GenenALiz4noN TO fe) held ORIESTATION 54% By And By. 
ExTa@d ING TO ANY fretd “DiREeECTON WE GeT 


-R 2 _ey ek KT7-A\t ~ eh +eh, 

Coa eS sev), s LNT Ay Dy, eh 8 ve +S Bry. 28 y Y. 
-H2 ey = ww & RYy-pA)t eh e -@h 

( aS )y : (* V-A) y - teh & Y- tsk Bx ch Bhs 


\T mMoRE cCONVEeN) eEwT MATHEMATICALLY TO WRITE THiS ALL IN MATRIX 
NOTATION by ARST defining 


Ps fst) 


— 


And Men The Set of TWO x Two MATRIX OPERATORS 


= of) o 7c rs 
vy > o os = 
Co Wye Ly * a% fo a 
These frre CALLEd The PAULI SPIN ExchANGE OPERATORS. Thus IN The 
MORE GenecrALIted FORM we hAve 


Cha. -evly st (Rp-ch).(aT-eA) W rot BY 


|7. THE PARTICLES IN THE PROTON 


Over The toLIDAYS “DE- Fe?NmMAW GAVE A PRESEWTATION AT 


AB MEENNG IN SAw DIEGO. The WQusinve WATURE oF MAL) bo Aodrence 
Finaury CONVINCED DR. FEynmAN TO DISCUSS HIS TALK. 


RECENT STRONG INTERACTION ExPeQyMEnTS AT The STAanwtord 
LivenR AccereRATOR HAVE Vder Covered A SUbpARMCLE whTVRE of The 
PROTON. THiS 1s The firsT Time ThAT The proren was 
UNIQOE QVALITR AhouT IT. IN The 
(NINATEdM WIth HYDROGEN GAS 


ShdwN TO have A 
ExperimGnT ZO Bev collisions WERE 
bEING bombarded by RELATIWISTIC ELECTROWS. 


The SPeLTROM OF The SCATTEREd eLecTYONS WERE ExAMINed AT DIffez@T 
ANGLES. THUS by sTiwdArd SCATTERING Theory simiLiAR TO billiard bALL 


COLLISION The MOmMeuTyM LOSS TO The proTen Coutd be MaysuRed. 

In The colLiSi0nm Process The FProTeN Could 

be SmASKed INTO Péeces VUST AS A biLLARd saat 
batt hit To bhftrd Wwoucd CRACK. The ExciTéd e PROTON 
ProTMN Would cConmnvue To Give off more 

ENERGY AS IT DiswteerAres. A prot of The 

ProbAbivity Of Momentum Tr PowSier versus The 

ENERGY LosT bby The eLecTRON. The bumps 

Ger MORE ImMpOrTHYT AS The rercy of 

ELecTRON GeTS bicgGcer 


& scamered 


PROBAbLITY 


of TRAN, Reson an CES 


if iT 1s ASSUmed That There ARE pArRTS 
OR pARTONS of The PRUTON Which have A 


‘\ 
ProbapilitTyY aAlisTRibuNON for Their momenta. i 
whar mad hrtppew IS THAT The electron STRIKES = 
ONE PATTON Pd MAT PATTICLES GETS ALL The SMEroh POSS RY Ss 
ENERGY of The COLLISION, catt+F-Q. Then 
TRE ENERGY LOSS DUTING The COLLISION IS — 

AE : (P£@ \ +f" =e ss PROTON 


oem tm U 
where € 1s The pArtown bindine ENeRcy / Qs Q he 


's The ELEtTrOn MOMGvOM ANd P IS The PAYTON Prrerons 7 
MOmMenTUM, 

The ORove CQUATNON CAN be Written AS 

AE= @ .@ -¢6 

um 

Notre AS Q—? ©& The TERM PQ SYroWws WITH Q™ boT € will NoT, 
SINCE QM, '5 KNOW 1.8 CORBEV, WE witl Deop €. ir Ther e fore 
femAins oO fwd Pp, The MoMenTyM DSTI hUTION of The parTons 
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ONE WAY TO TEST ThS Theor? IS TD ReALIETE ThaAT AS Q 
Approaches DO The momentum Corves muST APPrOACh A UNIVERSAL 
DISTRIBUTION. If | PLOT The fraAcTON oF PARTONS A hAVING A GiveW 
MOMeyTRA Vwitlt GeT A CUrve LIKE The FolLLoWING 


The Curve WAS bEEN ExpeRIMENTALLY VeRutied 
ANd IT hAS AN IM PORTANT AS pecTs iv wWdicates 
ThaT There 18 O PrdhabilivyY THAT ALL The X: PCx) 
MOMENTVM 18 IN ONE PATNCLE, It HAY be IN 
Two of MORE hot NOT ONE. 


HIGh OT ENERGY 


ConsideRING A RELAMVISNC PROTON FoR A o z ) 


—? 
MINUTE. The provow 15) LiKe A DISK Wim A _CeRniin 
MOMENTUM PB, IT seem Logical TO Think of P AS bewwGe MAdE “P 


of A Sum of Momen™m ONE FOR EACh PARTON. 


> Pi 


she P P # 2 Mi Pi 
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|B,  SoluTIONS To SchRoAINGER'S EQUATION 


We HAve DEEN DISCUSSING The 5schridiNGER ANd DIRAC EQUATIONS 
bot Now I'd LIKE TO DETERMINE The specific VALUES of The 
discrevTe everoY LEVELS PREdICTEd bY The EQUANON. 


First, Consider The SchrodIncéeRr CQUATION 
-Ray- uy 
é get 
Where H here iS NoT A NOMbER bKuT REALLY AN OPERATOR, WE hive 
cAlUEd IT The HAMILTONIAN OpeRrATOR. FoR A PArNCLE mMowiInG IN A 
PoTéwTiAL 17 IS Gives by 


con + VE 
H = zm ch} 
USING Thi§S OpeRATOR FORM Schrédincer'S EQUANON beEvomes 
-havat) 2 _h* pwat) + va) W,t 
Bay AV yay) )y,t) 


To TRY TO understand This differew~NAL EQUATION ConsidcR The 
CRSE when H 1s NOT A FYNCNON of time, This TURNS ovT TO be 
A VERY INTERESMNG CASE because iT IS POSSiIbLE To find A PAN CULAR 
FUNCTION deéescribinG The Parncle’s AMPUTYVAIE Which propAGATEs To A 
NEw posinon iN NME T boT RETAINS ITS INITIAL ShApe. tr 1S OFTEN 
Tines hAvd To fNd Such A fuNcnoN but IT IS possible. 
[ff we WRIT for A Time 27, WE WILL fidd The 1S ITAL pie” 
disribunon PLA) ReEpeaNNG ITSELF. Ar EACH Time 
W The fwcnon 1S periodic , ne, 


a 


x= ET/F 
Where E 18 A NUMbER Characterisnc of The poinT 
where Qi2) REepears iT SELF. 


WE ThvS have The IwTuiTive SOLUMON Which hAS TO be SoLved 


ALYTVCALLY Be ek -~ _-&€T/K eae 
oo woat)= Qiare ¥e 
PLUGGING This fomcTON INT SChKYOAMINGERS EQUANON We GET THAT 
P, a 7 -CEY* u 
euie "sa Le eva is. 
OR MORE SIMPLY = =. te 
H QcR) = EQ(A) sa oes. 


WE HAve TO SOLVE The eQuATON Where AY OPERATOR WORKING ON GA) 
GiveS The sAMEe RESULT AS MULTIptY ING IT bY A Number E. IN The 
MAThE MATICAL CIRCLES Pca) 15 cChlled The €1GEW FUNCTION Whe E 
describes The EClGewvALVES, 1.2., The ENERGY OF EACh SMTE CAN bE 
described bY fF NYMbER Which IS RELATED TO A CerTiNn FREQUENCY. As 


AW OPERATOR H IS WhaT 15 CALLED A LINEAR ODpERATOR HAVING THE property 
T 
si HCQtGe) = HA + HG 


B| 


Suppose we had The case where 
HW= &.Y, ANd H9. > €2.d. 
Then The COMPLETE SOLUTON FOR WM 1S GIVEN AS 
WE = Se  Uiihy «eo ™ gy 


White This iS A SOLUTON TO SHROdINGER'S EQovANON IF IS NOT 
ChAR ACTERIZED by & DEFINITE ENERG. 


SofMm 1 wave sAiD E 1S # NUMbEeR buT 1S IT REALZ IF 
You will PERMIT ME TO WRITE DOWN A PATNCULAR propeRrY THAT H 
HAS, 1 CAM Showw YOu That E musST be REAL. The property '5 


f #* cg) a4 ee 
where Fmd g oR fee fey Two FUNCTIONS. 
eae eg oa a 


Where V here (is REAL. 


ae Subs MNNe foR H 
ea Be ogey aa j Cvs 


The funcnens f nas Are ONE IN The S Ame ANd EQuat Wr). 


if we deétine 


Ww = Pceobability) | Pca,t) 
ASwe have before, it 1S True Tat 
f pty d>R = j Pd>R = ConsrtwT 


ThAT IS ToS AY The Probability 
For This To hotd 


d eee ere © 
dt 


ae Se ere * eee 


Since Wh HAS MWe fAhove Properry 


of fNdING The PARTICLE REMMNS ComSTANT. 


Of beine HEermiTenn, 1&., SANS fy 
J #* Harden = [Fg Pa 
The 3 =CONSTAVCY Does hdld. This Property 


evolves From Twice INTEGrATNING 
The Above FQUALITY ANd EVALUATING; 


IN) Ome dimenStonw 
_ S. gt e a, - d f£ ns 
ee eam A tN 5 ry? Pde = - oy i I. 
vo ie) 
as Bee OR Ey Sg 


\F f, a, fai. off To wero At Nes The isTeerATEed PMTs VANISh 
Aud Me IdenTiTY EST dtished. 


BZ 


THUS with HH her mitTernw 


j g* (4g) dvok = E j gta duvet 
Chy be writen AS 


{ (Hey gdvt = e* j gtd dvok 
i qrg dvol = ) qg* dv. S¥UbTYAC TING The Two 


E = 2" 
There tore 


E muST be reac. IF IT WERE IMAGINATY The SOLUTION 
_ ~¢6T 
Wrajt) = Pca ,e 


would ex ponewnALLY EX phd OR CONTRACT WhiCh 15 NoT physically 
WhAT WAPPENS. 


buT 


1} Sfid Twat 


pe p dvcl was conSTIVT INdepandenT of 
time; ler Me Show Zou mis 1S True For 
p= Gee Q, + C2 en Ext Qe 
5 2 ¥ C(61-Evt ¥ 
rey = Oc® [ g,* Q, t CFC Ag +c & para t 
Ge Ge er eae g® Qi dvol. 
if € DoES NOT EQuAL Ev Tren jar 9. = jo" Q 79 for 
Ser yp TO bE CONSTHwT iNWdepavdenT’ of TNME, To Show This 1S 
Trve CONSideR 2 SMES Which Give different GERGIES FoR The 
C ft 
SAME HAMILTONIAN, H 9 2G H Gu > Er Pe 
Th - 
7 VG giy® Qudvek = Er f BY fh dved 
buT This “ Whe Sftme AS 
* 
) Oi* (HGr) dvol = Er { Gi Pr dvet 
SUb Ty ACTING 
(€) Ex} git a d vet =O 
SINCE 


E, # Er J) a* g dvet = 0 


This 13 CALLED The or moconAaliry RELATIONS hip oF Two €1c¢en foencnons 
of difterewT Er Gen VALUES. 


QuANnTItEe d ENERGY Level 


I'd LIKE TO NOw ExPLAIN The existence of The discREeTE ENERGY 
Levels 


Assoc) ATEd wiITh ThE EIGENVALUES of The SchrodInNcer 
EQuATION. Specifically, I'LL TAKE The Simple case of A ONE 
PIMENSIONAL MOTION ANd CONSIDER The Effect of A POTENTIAL “weit” 
ON ThE Monon. 

The LECTURE Proceed Ed TO COVER The MATERIAL 
lo-6 ANd Therefore, IS NOT PresenTEd HERE. 


IN vo, W) Chapter 
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19. PENETRATION oF A COULOMb POTENTIAL 


LAST TIME WE TALKED AbouT DiscreTE EQERGY Levels beinc 
ASSOCIATES with A PfArncle Trapped IN A PoTeWMAL WELL fd THAT 
for PArNCLE MOTION WITh ENERGHS GYEATER ThAN The well ThaT 
There 1S A CONTINUOUS EWEFGY DiSsTribuNON. IN TnAT Ex Ample | Chose 
To LEAVE OUT The INTERACNON of The pArTNcLE WIT The Fiéld ANd 
The ENERGY Levels were of ZERO widTh. You CAN TAKE other ‘TYPES 
of POTENTIAL WELLS, &G., A PArAboLIC funcMON LIKE Vex) = At Where 
Q= Vz mw Awd woRK ovT ALL The ASSOCIATEd ENERGY LEVELS bY SOLVING 
The diffeRENNAL EQUATION. FOR The case yuosTt descr) bE The levels TURN 
oOvT TO be Just En= hwcnty) where w is The NATOrAL Frequency 
of The SYSTEM IN A CLASSICAL SENSE. 


| would liKE To MAKE A bAd PEDAGOGICAL MOVE Now Add Proceed 
T DiScvSS ff MUCh MOTE COMPLICKTEdD Problem Which OrdinfriLy would 
ONLY be ATremPTEd AFTER SOME developmerT of EASIER Problens. 
BuT Swee You'Re NOT fooLIn’ ME ANd | KNOW You'vVE ALL HAD MHS STUFF 


before (‘lL CONTNWUE deECAUSE WE CAN LEARN A LOT Of Physics From The 
EXERCISE. 


SUPPOSE 1 hAd A POTEYTIAL Give bY The FuncNON TO The riehT. 
When The pARTICLE hAS ENERGY E3 WHICh Is 
beTween Vi ANG Vi pisé., Ne é Ex Z Vy ; wre: iT 
1S bound To A Ser of FINITE ENERGY Levels 
Given bY The SOLUTION WE HAD LAST TIME. 


Now obSERVE The REGION ot INTEREST 
When Mc E 2 O. IN This REGION The 
PArncle€ Is iN beTween A Free STATE ANd 
A bound sTATE. ThAT IS TO SAY, There iS ALWAYS 
f& FimsTE PossibliTY THAT The pfrTIclLe CAN be 
OvTSidé The Boundtry b. The wave fFuncTIoNn 
herween dod And b IS ExponEsTALLY decaying 
boT AT The bouNdfiry UNderGoeS A TRANSITION TO A SiNuSoD AL 
VATIATON. THE bwbehAvIOR OF The PARTICLE IN REGION X>b 15. OF 
INTEREST bECAUSE VERY SMALL ChanGES IN The WAVE FUNCTION IN ReGion 
a-b CAN SigniticANTLY ChANGE The behAvior of The foncTION IN Recion 
bra. The AmpLitude of The SiwusolDAL VariATIONS ARE SENSITVE To The 
SLoPe ot The wave FONCTNON AR a And b. WE whwT 70 describe 
ye Waive fuwcnon fd ProbAbility DISTY1bYUTON AS The parncle 
Le&KS ThvOuGR The bAaTmeR. 
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This PROBLEM WAS PhySICAL SIGNIfICANCE IN ThAT IT DESCRIBES 
The Process of RADIOACNVE decAy, TO MAKE ThIS poinT Clearer 
RADIUM EemiTS XK PArncles from time TO TIME Soch ThAT DOVER 600 
Years ALE The AToms have fired off AN K parncie, This & 
PArTcLe hAS AN Ewerey of 24 Mev. The behaAviok of The paRTICLE 
IM The vi&iniTY of The Nuckéeus IS Thar Of A ChArGED PATTLLLE IN 
A cCovlomb poTeévnat Field , he. iT 'S REPELLED Inversely AS The Spot 
distamice From The NUCLEUS. The rADIVS of The Nw&CLEVS IS Given AS 
fz brx10'> cm AMS where for rADIUM The A= 86. The DESCYIPNON of 
The poTewMAl FONCTION LOOKS SOMETHING LIKE, 
SomEWhAT TO SCALE The PAYTICLE COMES OUT WITh 
ENERGY Epage. This ENERGY IS CONSIDERADLY LESS 
WAN Emax. WAT 1S TD SAY once The Pfrnclé GeTS 
our it hAS To AcQuiré AN’ ENEROY Emnax- Ex TO 
GeT pack IN. BUT Then how did iT GET IN The Arst 
Place 2 


TO SOLVE This Problem I'M GOING TO MAKE 
Some ASSUMPTIONS TO Simply The WORK. FiRsT 
MLE CONSIdgeR TIME =O TO MEAN ThAT NO PATMCLE IS bEYONd Lo. 24F1D 
Another why The WAvée funcnoN hAS No ExponeNTIAL PORTIONS IN The REGION AD 
Rox TniS REPFESEXTS AN EXPETIMENTAL Problém rAther Than AN AwALYTNC 
oNé SOLET ME GET bY With iT. | fm ALSO GoING TO CONSIDER THAT 
{fin So far Away tym The barricR ThAT ITS ThicKNESS Pid QUALITY Are 
NOT imporTPy. IN OTheR Words | COdtd have A foncnoN LIKE, 


WE'LL FIND IN WORKING This ProblLén ThaAT IW order we / \ 
T describe Tre PATNCLE behAWI0R QuAwTUM Mech fAWicALLy \- 
THAT WE wilt NEEM The Theorems we developéd LAST \ 
TIME, IN PARTICULAR WE WILL be LOOKING foR Te i == 


TINE PEPEVdENT SOLUTION 
Scbwt 

Wx, t) 2 z Cy e P n(x) 
The coefticlENTS Cy ALE TIME DEPENDEWT QUANTITIES. FOR 
The cASE Where ALL The Cn! ARE O ExcePT ONE ThEN 
The SoLonoN SIMPLE Revuces TO We em *&*T Dex), when 
There 1S ONE DENITE ENERGY STATE DEScrIbING The wave funcnoNn 
The PArTNCLE #S IN fA STERDY ~STATE CONDITION ; AWyY oTheR TIME IT IS 
MADE WP of A SupeRPOSINOM of MANY DifferenT STHTES OF FreQuéncies. 
IN ORDER TO COMPUTE The PARTICLE’S ProbAbiLITY DiSTribuNvn from 
The Above Wave NCDON WE MUST find PCXt) > WX WF oR 


* Cbs Be 
Punt = ££ tw ty & OS WY eb. 
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@o 
Recall LAST NME WE SAID THAT Pix,t) dX WAS A CONSTANT 
iNndéperYdenT of NME, WELL , The SAME “a UST hold Which IMpLli¢es 


THAT j a? b. dx = Sem 


when Thés halos we have 


) pew des Z£ty = 

n zy, 
Where WE hfve NOrmMALIteD The ProebAbILITY TO be BNE, The Cr 4 d exribe 
The Probability of The pArNCLE TO bE IN STATE 7. 


The Problem we witt be solvING IS AN INITIAL VALUE Problem 
wherein The wfve foncnow A Time t=O IS PrectsetY KNOWN, LE, 
Wx, = 46x) = Ey Cu Quix) 
WhAT We WANT TO ESTADBLISh IS The Wve FNCHON AT Some LATER 
Timé. TYPICALLY IT IS QUITE hard TO ExPress Fctxy as fm fourreR Series 
in Q(x) but iT CAN bE EASY If WE Find The coefficients Im The 
followinG CYTE WAY, 


j Dm® FE) dx = Zon) Gut Pu dx 


SINCE J Qur Qndx = Gum we immed ATELY nd The coeffici GuT Cm 
vo ® 
Cw = ) Qa tx) dx 


od 

This 1S & REMARKABLY SIMPLE RESULT buT 18 ONE OF The MOST IM PORTANT 
obseavarnons of QUANTUM Mechfwics, IT Provides A REAL PoweR TO SoLvE 
some very pifticuLT Problems. 


FOR ThOSE WhO LIKE TO SEE MOLE MATHEMATICAL WORK I'LL Show 
You how To Guess AT FCx) bASed ON SOMETMING YOU ALREADY LEARNEd. if 
You InseeT The  CoeticienTS Cr ThAT WAS JusT Found iw TO WX,t) 


~ -¢Ent 
wx, t) = Z Qntxd e ) QF ox!) YX’, 0) dx! 
Where | have used A Prime UNder The INTEGRAL 10 denote THAT The 


INTEGYATION IS Over A aiffEeReuT RANGE OF X. | CAN REARRANGE 
TiS EXPRESSION TO READ 


Wir, t) 7 : KO%t; x40) Wox',o) da 
-@ 


Where upon EXAMINATION The Kernel IS RELATED TO The WAVE don con 
fs es arent 
K(x$t; X,0) = & Qnlx Pr Cx) 
This IS NOT THE Gener AL EXPRESSION FOR The KERNEL bEcHVSE WE 
have ASSUMED The DrmiltTonify To bé TMme ind EpendenT, THAT M GANS 
THAT NOONG |S TRNING PpoTewnALS ON Or Off fd Thus CreANNG 
Time varvinG INTERACTIONS. 
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ANOTHER ProbLeM Which we MUST SOLVE Is how To Go trom 
A Set of discrere EYERGY LEVELS To A coNTINUUM of LeveLS Which 
AYE NoT Sepfrared bY finite Ewersy Levels. The TAYE 1S TO TuRN 
A Sum of pDiScrETE STATES INTO AN INTEGrAL. The ONLY WAY | KNow 
GVACE fRUYTO Bo THiS IS TS ASSUME The CONTINUUM IS REALE A 
of DISCRETE ENERGY Levels 
LET The SpaACING GO To EERO. 


ser 
INFINITESITMALLY CLOSe ANd IN The cimiT 


TO MAKE ThIS APPFOXIMANON IT 1S NECESSARY TO PUT The PARTICLE 
Aid iTS “WELL” INTO A GIGAnTIC box, A box SO biG ThaT WE 
WWon'T WORRY AbouT The PAYTICLE EVER hHITTING The WALLS. WéE 
Could Leave The reflECTIONS IN The ANALYSIS buT IT ONLY SERVES TO 
COMpLUCATE The COMPUTATIONS. The box CRN be ThouehT of AS A 


poTewTAL Of INfWITE SITES SepArATed bY A DisTAWce L Which 
in The LimtT GOES TO IW} ITY. 


| would LIKE To WORK WITH SPherical , hree- DIMEWSION AL 
WAVES Fork ThiS PRObDLEM. ThE HAMILTONIAN IN 5 phericAl 


cooRDINATES produces The follow Ine Schrodincer E@ VATION, 
_# vty) - virnrw = EY 
zum 


Lh GOING To ASSUME THAT The wave Pucnow hns f TADIAL 
Dependence DUE T Coulomb AMRACNON TO A CENTTAL FoR CE. 
Thus The SoLuTNONS wIll NOT depend ON ANY ANGLES bIT LATER 
WELL come bACK ANd Do IT WItlL The ANGULAR deparden ce. 


Refore WE Go ON 1 WANT To write the 


A pifferentT form, Since There 
= id i = 
gew=e Ld avd ok ey 
P Se dr ay we At” bg 
This WWENNT® CAN EWSILY HE Proven Ad Witl TURN Ovu7 TO bE 
Quire helpful. HW we SebSTITLTE This IwTo sch rod Incers EQuanoN 


we haAVE THAT 
-w ¢ (aw) - via (RW) = ElCay 


ww dnt 
Noncé ThAT Thos differewmnal EQuATION IS IN The form ot A 
ONE DIMEWSIONAL ReLATONShip If | Replace aW by Y 
ANd LET JL > X. | must REQUITE hoWwEeVEeR, ThaT WD Approftch 
Zero AS RO So TWAT The whve PNMCDON remmws fNITE., 
The NormaAliZATIon INTEGYATION 1S Written AS 


) Yanat da = jy capl'da ae 


—_— 


47 
Thus The sphericAl cASE CAW be Solved JUST LIKE The 
Owe AiMensSionAL CASE, 


LAP LACEMS }rJ 
iS ONLY A rADIAL DEPENd Ewe 


B7 


Now we RETURN To ThE Problem of RADOACDVE DISINTE GFATION 
OR PENETVANON of A BARRIER. 


The wave fuUNCNONS ARE DescRibed iN ThE Three REGIONS ShowN 
Above. For The Spéecift FUNCTION COrreSPONdING To ENERGY Eo 
The STe&®*DOY STATE behAvion IN Tecion TL 
SINUSOIDAL! VATIATION. IN SMALL VATI ATION 
ChiGe Te behfvior IN vecionN UL Whileé 


iS A VERY Low frmplitude 
IN QNETSY WIL Sicul FichTly 


IN VéEéGIOoN I Te 
VAarienows in wave fFUNCTION Are VERY SMALL, JP Will 


ChATACTERIBEE 
The behAVIOR of The Whve foencnon IN Revion IT fwd OF 
AS follows , 
oo: 
REGiIoN TL (2) ss f(2) 
Récion TH Ge = a[ ws (ka+ds) eee 


The Fumcnon fin) 1S penrlY Tne Same for ML vaALuEs of E sufficiently 
CLOSE To Go. IN ReGiOn M The spfmn WwW Ave on CRON Ye 
Depends ON Q wWHICh IS f fAacToR which will LET ME TIE The 

Wo whve Fon cnons TOGETHER. T iS A Smftt ENERGY VALUE. 

The First tn T int, % CoSGeatde) 18 The Sterny STATE 
OSCILLANON ASSOCIATEd WITH GNEGY Ee. The SECONd TERM 


E - Eo Aw (Ra tho) IS The Addinonal LATGE VArIANON DYE TO 
pn 


The EX ponennNAL RenAvior iN Tre BATYTIER, 


r 77 
Iu so The: Above Expressions The funcnons GQ And ~ ARE 


Nor NOTMALItEd. So TO Do THAT we witt deine A NORMALIZING 
FACTOR CE) such MAT 


@? ace) (A) 


(E-Es ! 
ge ne cea cost ka +$o) + = d$ ncRatse) | 


it} 
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ONE AddinonAL FAcT its 


Mar At Tine C=O The WAVE 
FUNCNON tS Given bY 
Further | AM GOING TO REguIRE THAT The NormaALitAnoNn 
be such MAT u 
) | | dr = | = ) FCA) df 
SO WhaAT IS KCE) foR TS To occur? WetL Inside ThIS 
GIGAWTIC bom k ThaT | have ! 


MYST REQUIRE THAT 
L ni ee 
| [Yeim| drazt = Lee)" | Fi da + 
t 


c) 


. - y 
peer faracel {a cost( Ratdo) + (626 Vache) 


The farsT INTEGrAL IS same FiniTe TERM, The 
Com SiSTs of 3 PATS, The isTéGrais. of 
Give AN AVerAGCE vALoE of zr WhELE The 
Tc AvEerAGEe Eero. There fore WE 
om L at 1ace)I* ( 1 + ste Ne 
‘t re 
$0 AS L—~>oo WwW & 
Sor = Ih Ce) I* 


t 4lE-Eo) cos (hatds) om (havi fae 
r 

S€cowd INTEGrAL 

SINK AWd costx witl 


SINX COSx TERmM IS ON 
CAN wWriTe 


es Finite Terms As 
tL + 0 
Cryw for GET The 


finite TeRns. 
Tren 


r 
lnceyl = hee a. 
[ (e-€0)* +r | 

INTERESTING RELATIONSHIP, The ProbAbiliTy FOR 
pPrncle TO be found 
IS Given by The cuvve. Fir 18 
INTGY PerTed AS The WidTh of The 
Eneroy smre fe, AS 
more MATroWRR 
more dehwnite. 


SOLVING 


This 1S An 
The 


(N A Normptrited Ewevoy STHTE 


l become u 
ythe CNERGY becomes [ACE) | 
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20. TIME VARYING WAVE FUNCDON. 


Now we musT evALuATE QW AS A Tyuncnon of Time 
Do This LET'S REVIEW The MATH. IF Pir) 1s The definite 
Sprce whve FuNcNon , THEN 


Wat: EB Ce Peme 
é 


Where we have summed over ALL PoSstbLe eEnerncte vaAtues. At 
time C=O we Know THAT PCO) s FU) = Z Cte Pe. 
BY mutTipey TMhHtS EQvATNON by 


e 
And intecrare The Co€thciewts frre 


, No 


~ CES 


aA different Gvercy SmMTEe 
Found , ee, 


te , +t 
) P-. (A) Frr)dr = z Cl) \ Yer Pe da 
By The OrToconALiTY Condinon | DE Pe dr 
fr d Therehore v 

J fer (UF Ada = Cle! 


hus The e&preSSion tor Wat) can bE Expressed IN TERMS 
& 


of } Ve Cn) FoA) dw ,b2s, 1 Teens oF The INITMAL: CONdITONS. 
LeT'A EVALVATE The cocfticieEnTs, ° 


- § (€'-é) 


) de” F(a)dr= \ A*(e) FIA F(Apd a + f re Fray dn 


INSId € eur 


O0oT Side AN j Feayidr = Lb INSId € 
coefficients “Are Just 


Cte) = K* ce) 


RUT Since F(R) = Oo 
ir TeyvNnsS OUT WHAT the 


SO WE CAN wriTE 


Wcty= 5 a*cey Gera o°8* 2p? 4 y™ 


ANd 6 SEC 
in REqon I W (nt) = pa A*(eE) KLE) f(r) e 
rT —cét 
in Recin MM Wiiat)= 2 «*cK a { cos (ea +5) t RCE) sini harse) be 
5 r 
T may hAve Trouble with The 


+ SIGN IN 5 because | 
r To be posinve ANG IT wmAY TUTN ovT THAT 
USed The MEGATIVE SIGN; WELL SEE. 


have defined 
should have 


INSIDE THE RARRER REciow LT 

Now I'd LIKE To DISCUSS WhAT The Time DEPeEndenT whve tuncnow 
LooKS LIKE INSIdeE ThE bARRIER. The Anpiitode for The prRncle 
TO be imsSid€ 1S 


< pe 
pint) > © L dca) EO * Fin) 
E 
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z 
SUbsTTUTING For |o(ce)l Frid REAYTANGING The EXPONEWTNAL 
ry -ClLE-Ep)t - CEot 
4 : ‘ 
2 e 1 @ Fin 


Tina) z 
wat) z Lat (e-E,) 4 | 


Now WhaT The HELL 1S The SUM OVER ALL ENERGY STATES? Wer 

we AVE GOING TO CAtnGce TO AN INTEGrAL VATher Thi A SUM; This ¥5 
A TYICK PhYsicisT POLL TO GET AWAY from working our the SUMMATION 
IN Order TO SwITch To AW NTEGrAL WE MUST SATIsfy The BOUNd Ary 


CONDITIONS AT The Edoe of The box ,.&, AT AZL. Therelore IM 
Resion TL we muST REQUIRE WAT 


SIN( RL + Ste) =O 
Which Gives The cowdiINON Thar 
At e 5S = OE 
Aud Mme Ri'o Are repATed TO Tre Ewerey smres by 
An? & 
Lm 
When The GYGrGyY IS ChAveed trom ONG STATE 7O The AdVACEUT— 


ONE ris Increased bY 1 white § ShittS b¥ mw Amount “Ve. 


Therefore | For LArce L § IS AtmMoST CONSTANT, Aw other wat 70 
SAY TwaAT 15 for Lavoe L The Srwtes have A vewe differime by Me. 


Thus The SummATION CAN be ChANGEd TO AY INTEGrATION bY 


The TYAWSformaAnon _ i dk t 
" Ti 


Sin CE eG< Roh = awd We CAW write This AS 
mm 


GC Le 
Ze . re dé 
t 
WG CAN Ren To The ExXPressiIoN TOR Wo And write 


pr iaty > & ae 674 on te Godt ote 
Tar = 3 en 4 (nr) 
[ cé-€) t / | 


Nome ThaAT The L dimawSiO8N Dropped OVT AS we Expected. 
To EVALUATE ThiS INTEGKF AL IT ONLY hAS A VALVE When 

E iS Avoutr EQUAL TO En since PF tS So LARGE, Forther The 
VeLocITY tS NEATLY ConmsTAVtT So THAT WE CAN TAKE IT OUT 
FONT » we Ave LEFT with The FollLOwING INTEGrAL TO 


E 
VALUATE, yates bes 
a = ) 1 re 
CE -Eo}* + aay 


~ ¢(€-E9)¢ 


TH 


| AM Gonwe TO EvAivATE THiS INTEGrAL bY USING CONTOUR 
INTEGY ANON TECHNIQUES AS follows. Rewrite The INTEGRAL AS 


Ts ) dCE-Eo) = Ma. rh Ps € (E-Et 


re etl 
(é Goth a) Ce Eorit | 


Sobsnnre 


Y= 6 =6s Add rewriT€é 
Te i? Rk ; = ao: 
” Weil) (v-£ 
Now BEAK Tre INTEGCYAL tnTO Two PARTS 
tet ‘ Pr P -tvt 
a = Dea P Lae = t ayy fa. ~ Pg 
: Me vel vith 
w = 
Oe Oe es. a \ dv “he 
cr 
And me ote 
Div eae ay Fixe t 
yre Pir 


To EvALUATE Tig Ex Amine 


The CONTOUr, 
The inTEGCY AWA hAS 


A Poté AT Ve -cP/r, 


Aboul pAaTh @ Gives 
A ERo VALVE SiNCE€ It voEs NoT GutLose 


B Pore. When INTEGTAMNNG OVER The 
boTTOm CoWtrour tor 


The VALVE ot Tre 


The iInTEGrATION 


Times Gropmrer Man O 
INTEGYAL IS GIVEW by 


t | tne - gum of The residues | 


t (- ¢ Mie) -0t/ 
= 4 2nt hy em ‘ s «Ere for t>o 
Sy eh 


The SE€CconNd INTE GYAL EVs 


3S O for €7O which 5 
The PhrsicAl Cows tra wT 


ON ne MATwemATICS. 
So fNatLy we FiWd Tar 


= FG ‘Eat 
pt Cat ie =! 


_ 


€ e (A 
Pre F(a) 
The ProbAbi lity oF FindinG The pPATNCLE fAwWy where 


ms INSId € IS 
aig * Tt a, -_ 
Pr 2 ed ia +n) e 


where he inteoral ( Hida 4. if we require That AT 
t=0 e* =" TheN The CONdINON PreQuireEs 
Dm 
a a 


Where O dehwes The démensions oF The oolGoine wave. 


qZ 


we caw noo iMTeRReRT TF AS The menw iuferine of DISINTEGI ATION 


OR MoRE correcTly 


C Ss ! 
A ye 
whee G = m hertere © A/T. When PP 1s sree This im ples 


There 1S Werk coupline BETWEEN The PArRTicleé ANd Fhe well. 


Thus The Probabitiry THAT IT GETS ouT OF The WELL IS hioh. 


PARTICLE AMPLITUDE OVLTSIDE THE BARRIER 


WE NOW WANT TO ESTABLISH The EXPTESSIOM for The AmpuTude 
of Findinco The PAYTICLE IN REGION TT, 18, 


ing swiet 
De Cath = Idcerl { cos( Rn+So) + % CE-Ee) sin (a 180) S 
- Wy 
CONVEYING To Tne INTE CYAL 

z i -cet 

y™ (a, t) = Ler a cos Chatsa)+ 2CE=Eo p m(hearsolfe 

T Lato [cee e/a] SS fa 

which CA be REArY ANGER AS ‘et 

-t 


priat) “ -L dé ry -@ 


LGMVo [ (e-eo)*r ry] 


Now itl MAKE The SUBSTITUTIONS 


le 


if cos (hard) + (E-Go)Ow chards) t 
z 


cx sek ; $C aie) 
Cosx = @ te Sink = - © (e = 
2 & 
Then The RBraAcKetTed TERM DBEcoMes 
iid ( coe") - (E-Ea)e re se) = 
: m -s 
ef e*(l- C(€-éo)| =e" [% + <ce-en] = 
G 
+ ¢ (hardy) rf Sirs 
- { ~i [ ce-e) +*h]e + t[(&-eo) - h\e 


if i divide The BrackeT bY CE-Eo)* +P /y = (© -€0 rte ) CE-Eo -*"R) 
Iwitt Ed 9p witn 


is fs dee = 
bi ys) ” Petts 


-cét ; Yi hkatSo) deat da) 
z e@ + ee 
LE-E, -£ Th) ( €-Eat cM) 
This tS The Sum of Two INTEGTALS Which | MUST EVALUATE , ‘ee 


ap ca, t) ol tt (-Ino + Im) 


Lawn vo 
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I'LL Stud? These One AT A Time SO finst Lets TAKE Tina 


exe =EE . a (ha +S) 
Lia ad dt Se | -l e | 


UG. ees 
(é-Eo -* hh) 


Me oNLXY Time MiS INTEGrAL has AvALWE 15 When E Igy AbDUT 
EQUAL To €a. OR SAID fyoTwer way kx ko ie, 


~ io) , 
Epic es: ANd ( k- ko) Ao = E-€o oR (R-o) = E- Eo 
um m 
So ASSUMING E ~ Eo Then 
~f Est — ¢ (RoA4 So) -CCe-eort ee R-Bayn 
awe Je e d 6~e0)' e e 


(E-Eo -¢ Fz) 
Reprace E€-Eo bY Yo And k-Aeo bY E-Eo/y, We GET 
‘ . «if ay) 
tae. < err eet o | (hor +do) dv e UVES bso) 
yv- ee 
Now The iwtéorAl WAS f POLE IN The UPPER hemisphere 309 The 
VALE Of Tre inTeEecrAL for tro AS 2 ~~ 
~< Got i thy Ath) . he. (t- 7a) 
Ima? e e tut € 
FoR t-fi~ 290, If E- Vv 18 £20 Then Ign 20. The 
SECONd INTEGrAL CAN bE INTEGYATET The Same wAY buT Im bh709 
UNLESS trtiy ©O | Bur SINCE t ANd NA ATE BOTH Posinve This 
CowdiNon hAS NO WAY OF RE We SANSFfIED. The CONDINON ThaT 


t-Ajar>r>O 1S A SimPLEe WAY Of SAYING YOu hAve TO WAIT FOR A TIME 
t belomE The parncle can Fetch You, until MeN You WoNnT faNd IT. 


Thus we CAW write 


i ' r . -~-(€Get CRA So) -th (7 t) 
y cGy e. ee » une e 6 ss 
2T4V9 
at ~?et. staopihy -Thii%m-9) 
Yay = Ff %@ . ? 


avo 
The ProbAbILITY of Fiudin@ The PATTICLE IN TANGE dR 15 . 
PU te 6 
erntdin =(F)"(p*)daz da t® e ( “ty -t) 


ata” 
Since at= Five Fd = Pl Aw -t) 
rs) = = & 
n= Es 
Pim d aa 


ToFWd Tre ProbAbiviTY of BETECNNG The PARTICLE OUTS Ide 
we INTEGCLTATE To find 


tar -P ( M-r -t) + 
P= j r eget Ep Ot sie 
Cy z dn € =e Ce = 7) = l-e 
Thus Mme ProbabilLiTY of DETECNNG The Pfrncle Falts 
EXPONGNNALLY WiITh TIME, 


| 


Ret}. vol 


Q2|. SchROdINGER'S EQoATION FoR THE HYDROGEN ATOM tnasree I 


LAST Time we E~DEd UP DISCUSSING BRIEFLY how WE Could 
EXTEND The PENETTATION OF A bARRIER TO The Problem oF SCATTERING 
from A brrvier Or poTauNAl. Befoce | GeT Too fr ALONG DN ThIS 
TOPIC | WANT TO DiswSS The Three dimausionAL SOLUTION TO 
The SchrodinGcer EQUATION. 


|] witt ConSiderR FITST THE covLOMB POTENTIAL crenTeED bY A HYDROGEN 
Nucleus. The stvVeNGT™ of The POTENTIAL VATIES AS 


vViay =_S* 
y* 


The Problém 1S EASILY ExTENDAbLE TO OTher ATOMS WHiICh bAVE coulLDMb 
FiercdS VATYING AS -Z er, WE WILL Consider The case Where The 
PAYTICLES Are ALL ROVNG to his SPhericAlLLY SYMMETRIC POTENTIAL. 


THES SchrodiINGER EQUATION foR TWS Problem Would be ExpresseD 
iS HY = EW 


Where we Are LOOKING for The deHWITe ENERGY STATES which Are 
The SOLUTION au) " ae Way 


The HfmilToNian for ThiS Probem is Given by 


a 
He. Ane” aoway 2 a ge Be ote eg 
zm aN na 4 Eo 


Therefore , WE MUST SOLVE The SDIMENSIOWAL DiftereyTIAL EQUATION 


a Gee 7S ) i) i 

Regie “2 pia) = € pit) 
When YOU First LOOK AT ThiS EQUATION YOU MIGhT LOGICALLY GUESS 

THAT tre ANSWER depends JUST ON fF but This Ba IS NOT TRUE, 

IN OTner WordS JUST bECAYSE The porenTIAL 1S SPhERICALLY SY MMETTIC 

DOESN'T wWean The ANSWER mMusT be LIKE wISE. WE MUST write The 

differentriar EQUATION OvT IN TECMS o+ SPhericAt Coord IMATES. 


aw ) a St ee): ot S (omeee) 4 a oe. (ae (= 
ambLn da r'sin® 504 30) ptame 29° = 


To Get THIS EQUATION FrOM Tre LAPLACIAN IN RECTANGULAR z 
COORDINATES The +tolLLOWwING TRANSTORMATNON 15 USED 


X= SING cosP Y= SING GORD 2: cose 6 


Wwe would LIKE TO SWDY The SOLUTIONS To Tre iL 
The Above EQUATION for SEeveRAL DIfferenT CASES. 
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SPHERBICALLY SYMMETRIC SOLUTION 


Now WE SAid IW GewerAL ThaT A SPhericALLY SY¥mMmeETrIC 
POTQYT IAL DID NOT hAVE A SPheriCALLY SYMMETYIC SOLUTION. Noweévcr, 
IT 1S Possible THAT The AVSwER Could hive This PropemTyY if IT 
DID NOT PEPavD ON OG OR @, 14 This weve The CASE Then WE 
have To Solve The EQUATION 


-hX 1 dz Re F 
oe Gaeon? © = Yur) > EWR) 


To Sorve Wis EQUANON WE MIGhT TRY Mme SOLUTION 


y = e* Aft 
DifferentiATING Tris TWICE AS TEgoIreD we HAVE THAT 
2 -XHR a -Xu 
oY , =2Kk€ +x Ne 
dat 
Theretore, Acgtay 5 ( - 2% 4 x*) gave 
Te dar re 


The schrodiINncer EQUATMON bEcCOMES 
ae (- tt + at - e* = E 
im ics Y fre 4 9 


In order for MWS EQUALITY To Hold The Vr Terms must CANCEL, LE. 


ie u 
nS =e" SH. a MS 
yn h 
The ENGRGY STATES ATE Giver bY 
Ea <8 a> * = magt 
zm Zh 
for ATOMS La&rcer ThAN HYDROGEN The ENERGY 15 Given AS 
E> - @ mel 
zh 
WE hAVE TRwS Sound The LoweST ENERGY STATE Ot hYDROGEN, IF Ww 
Tre SOLUTION y “er we IdenTVGy A&A AS {nro some LNVERSE 
lencTh The Act &% . This 1s commontt CAULEd The bohr rAdius. 


- 
Yr \g The radius of The HYdrOGEN , LE. The diSTANCE trome The NUCLEUS 
That The coulomb fecd DropS Ye. The numericar VALUE of fo= .$28 R ¢ 
ANGSTYOMS). The ExEroY ASSOCIATED WITH THiS LowesST STATE 15 


ee ee 
tHe 
Which 1S cALLEd ONE RYDbETG- The FACT ToaT IT IS NEGATIVE IMPLIES 
ThAT The PPYTICLE IS BouNd To The Nucleus. Thevetore one RyYDbEre 
1S Tre AmMouNT of ENERGY NEEded H LIFT The eLeCCTYON from The 
bound STATE To The free STATE. For ATOMS with bicGeRr ATOMIC 
Numbers &*% times ThiS GvercyY tS Re@yiRed TO Free The @LecTTON. 


96 


I'd LIKE To ExppAin Whar 
Why cAN'T The €LC@cTrON GET 
Rot wie 


1 MEAN bY The “Site” of The arom. 
fINY CLOSER To The MUCLEUS ThA A DISTANCE 


SUPPOSE SOMEHOW IT Did ANd ACQUIRED A PoTEennAL were’ 


Given bY -e%b. ThaT Is, you Mow KNOW The 


evectvon 18 defimitery 
wiTwWin Pe CAdIUS 


b oF The NUCLEVS. IN AddinNoN TO POTENTIAL ENERGY 
IT WAS A KINETIC ENERGY GIVEN bY k.E = ay Ae 
PIs r€tated To The disrANcEe 4b 
R TOTAL 


Stnce The momentum 
Throverh KR, hey 
ENECGY STATE oF The ELECTYON Given by 

Es hv - 

tmb b 

The 4UNCTION E LOOKS LIKE The Picture ON 
The riGhT. AS SEEN bY The cCuYVE There )5 E 
SOME OPTIMAL LADIVS Where Ee isA 


MINimMUM. TO Find THAT “POWT LET'S pifferennare 
E with respect TO b. Ard SeT EQUAL To EERO 


P= Fb we have 


dé = -_ nh + e* = 0 
db tm, ‘65 
SolvInG foR be we find ThaT 
bo = a bohr radius 
me” 
ThuS The UNCERTAINTY PRINCIPLE PrepicTS The SAME 
ATM TWAT Tre Schrodinger EQuAaMOM YiecDs. IT 


WYONG WITh QuANTM Mechanics, 


Sizé€ for The 
beiTer or someThincs 


SOLUTIONS wittt ANGULAR DEPENDENCE 


Now i'd LiKe TO come bACK TO THE GENERAL ANALYSIS ANA 


CONSIDER The CASE where The SOLUTION TW SchrodincersS E€@ VATION 
IS IN GenerAL A FONCHON oF O, ANID ® (1.6, W=WA9¢). Think 
for The MOMENT WHAT WoUltd happen if W had A PAY CULAR 
Dependence so Twat When iT WAS Twice “DifterenTIATED Tre 
SAMe furcnonaL Dependence WAS produvcé€d. IN other 
CAN write W AS The Product wf Two foncnons 

w= cag) $2) 
If WE SUbSTTWTE This SOLYTON INTO The 
WE have RAT 


woRdS We 


SchrodinGeR EQuyATION 


-~-® |Yiog 1 & rtwt i 3 (ome Wen) 44 dF 4 -[E -viy [fim Yo 
oat 9) nr ant fr AMO +o Peo) Sinzo Ig” [ | P) 
iT be Marvelous if by some SreakiSh AccidenT 

of ute THAT we were successful IN SemrchwdilicenTLY To find A 

funcNOn (6,9) WAT When OperATED ON by operAToR 1 2 


Now wouvtdn'T 


2 
ith. (Qmwogd hel 2 
sin9 30 ry 9 % 
would ALWAYS Produce A ComSTANT! IN Other words we Soo BOY 
nave WAT 
1 3 nme dy eS ae a) 
sino a0 20 + Sate gt = dab of 4) 
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ASSUMING tor The MOMENT We tound Such # fonmcTON Tren 

we hAVE A SOLUTION To The EQUATION 

_e 2 = Girl) + | vem rie |r: E Fly 

zm fe ant Umar : 
which WE muLTIPLY be ¥CO,0) From The previovs EQuANON To GeT 
To frnswee W4,6,9). tf You LeT me GeT bY WitouT QUESTIONING 
The MATHEMATICAL IMTEGVITY of The Above reArrAncemenTs of Terms, 
td LAKE TO EXPLAIN Why The Above EQUATNON US JusT LIKE The 
SphericAlly SYmmertrie CASE ExcePt for The Added PoTewriaAL, Ir 
WEALLY DOESN'T BOTher ME ANY MOTE TO PULL These MATRemATCAL 
She NANIGRNS Pecmuse | CAN'T Remember how To Prové WhaAT Idid. 
| JUST KNOW TWAT deep iWside of me IT 1S OKAY SO LeT me oft The hook. 


TO exPifin ThiS Added POTENTIAL EXERGY I'LL APPEAL Te A 
CLASSICAL ANALOG SO The Term Wow'T AppEAR SO MYSTERIOUS. IMAGING 
A PAYTCLE MOVING Around Some CENTER of Force. The 
PARICLE HAS SOME ANGULAR MOMENTUM L Givew A5 

L= mv = ma? w 
The ENETGX The prRTicLe hAS BDve To ITS fnouLlAR 


ot 


MOoMen Tum is 
tmvu* = m UNEE L* 
t a) ne q 
t Sing, t~Tmo 
SINCE The ANGULAY MUOMeNTUM MUST be CONSERVED L \ 


iS A ConsTAvt of The MOTION So There 15 INdeed AN 
EX IWATE & force ACMNG bYUG To The CONTTIAIGAL POTENTIAL. 
The TTAL PoTenMAL 1S Theretore Given by 
via) + LU 
Zma 
The POSITIVE SIGN INdiCATES AR REPULSIVE force, If we have no 


ANGULAT MOoMentymM ,we GET The Ya TYPE POTENTIAL bACK. 
Now LooK AT THiS POTENTNAL ANd Compfre iT TO The bracketed 
Qvfwrity Above Le. 


vc 


Vix Vin)» ME 
Tmo tma~ 


SINCE Q ANd A ATE The SAME The PoTeENTALS Are iBEenncAL tf 
Wwe E@VATE The fyocuifr MOMENTUM LL, with AK. well come 
back fo further Amputy Tis EQUALITY ANd inTerpert’ K AS ANovLAR 
MomewTUM IN UMTS of Fi. 


Now WE OuGhT TO retrn TO The foncTION Y(O,g) fd 
See \1f we CAN UNderSTANd how Such fA PNCHON Could SATISTY 
Tre compli CATEd difterenTial Eg VATION, 


J 2 (ome AY) yt SY ew - Yom 
SING 20 38 sint@ ay” 
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We Should be SMART ENOUVGh To BE AbLE TO Guess AT A 
tovyecT soltuTION TO This EQYVATION. Su¥ppose WE consideR FIRST A 


6 depesdepre And TRY Y(@,P) = coso, WELL PUT IT IN The Equanon - 


3 ; , 
aif _ (- me one = -K Yose 
sie 20 ) ¥ 
= % 2 WdL0SS . - K wse 
SiNO 
oR K=2, Sé€€, ThaAT'S NOT SO hARd To vo! if we Prot The SOWUTION 
Wia,e) = Flay eee or better let's Prot The ProbabiLliTY pra) 
we eer A curve LIKE The one here. = te 
The curve INeICATES The STV ENGTH oF €& th SOLUTION yy, PRobabitoy 
or A TELATIVE Probability OF FINdING The pArncie 
AT SOME ANGLE from The €. 
Nod Al 
Now if You USE your Bram rATher TRAN four PLANE: 


Rwowled Ge You CAN ProbAbay deduce some oTrer 
SOLUTIONS. The first ob wious ONES Would COME 

from A rOTATIOW OF The NODAL PLANE SO Thar IT 

LiES ON The X or Y AXIS . IN OTHEer Words INO COSY 
ANd SIN@ SinQ fire ALSO SOLUTIONS. This immediATELY 
fo.lows from The INITIAL Arbitrary Choice of The & AXIS, bE. 
Y= cos@, For This case we hAvée The MWree socvnons 


( = (A) CAcose F(A) : $A) ; 
Wines 2 Es sa TY a a 
x 
EACH OF These SOLUTIONS HAVE A K-vAive of ‘Gre 


iF we Now CONTINVEd To VSE OUR brAIN TO PredicT More 
SOLUTIONS | WE wovid CONCLUDE There myST be An infinite 
Number of SOLUTIONS TO The DifferenTIRL EQUATION because 
The MODAL PLANE CAN bE TOTATED Through 360°, However, 
WE MUST remember THAT WhEN Ever & SOLYUTIONG Give 
ditteresst Ewercies The MUST SATISFY The orThOGon AuITY 


CONdITION \ ww pas de =0 


RPPIY THis CONDITION WE FInd TRAT There APE ONLY Three 
MUTVALLY OrTnOGONAL SoluTIONS, 


When we 


IN The €VENT WAT There ATE More THAT ONE SOLVTION 
For the Sf™meE evneraY , he, 


HWa-€oPq Mid HYWe 2 EoPs 
The Ewérey STATE 1S DEGCENEFATE ANA There iS ALWAYS ANoTher 
SOLUTON Giv@s bY The Som oF Pa And Yo,ré., 


HCPatWe) = oC Pur Yo. 
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Now TWAT WE ATE SO dAMN SMART IN GUESSING SOLUTIONS 
WE MIGhT CONTINVE OM A LITTLE bit. WE have Chosen 
AN ORTHOGONAL SET of “ STATES TO represenT The SOLUTIONS in, 
lé. X,Y, ANd = SO teT'’s SEE If The Products Of These 
STATES 


ATE ALSO SOLYTION, ThuS for The Second cASE we hve 
A POSSIBILITY Of NINE MORE SOLUTIONS, 


e727, BY RE, VS, VR, EK, BY —e Bi etet Ke, Reve 
BuT The LATEr SIA FYE REALLY JUST Tnree Due TO The COmMmuUTANVE 
NATure of ¥X,¥,AWd Z2. The Six Possibitities ATE Therefore 


XY = R* sinto Sing Cosy 
XE = RY SIN® cosO cosy” 
YE = R* SINE cd SiN & 
X> = Rrtsintro cos @ 

XY" os R* sint@oa sintG 
ez - 


RY ws? 


SoLvING®G tor K we Find That 


iT EQVYALS 6&6 FOR ALL The 
Abov€é but £*. The réASon we don'T GeT A sSoLUTION for *%* IS 
Thar tS DOES NOT hAVE A ZERO AVERAGE VALVE. INSTEND You CAM 


show MAT The AverAce vALVE of t* 1S JUS Ys A* because 
of The s¥mmeric of Xt-¥* Add @*, Thus we could uSE The 
SOLUTION 3zt-prt = *@ cos*@-1), WE ALSO find Twat xt-y¥? 
1S A SOLUTION while xt And xb 


Are NoT INde pevdenT SOLUTIONS 
for the refsony JOST Pescribed. The COMPLETE List ot K, 6 
SOLUTIONS CAN be wrilTen AS 


y = ti rtame SINZA 
cn* xY 


= 
- MWULcosP omra 
s Sx 
cy eg Xe 


“ 


F (ae sing Amce 
on “ 


& 
FUL sint@ wstY 
ae x+-Y> 
rv 
4irtn(3cos*® - 1) 
. Ar 
if t were TO Keep Goine 


Tne NON-reduNdANT CASES, 
Terms, | 


Let-nt-y* 


COMPYUTENG TYIPLE producTs, ELIMINATING 
ANd The NON - téro AverAGe VALUE ProdutT 
would find 7 


YC8,9)'s And Their K VALVE would 
be (2. if Q iS The CASE NYUmMbEeR Then twitl ANG GATTI 
SONCTONS hAVING A K vALUE of A(RF1), 


[0d 


SomeTiméS 1T 1S MORE cONVENIENT TO CombinN€ The Y¥(9,Y) ‘0 
in EXpOoNGvTIAL NOTATION AS foLtlows 
Ug i 


Sin? @ e ' 


1 CAN Therefore idenTi FY AN GEYPONEYTAL Number M Tr 
Gener ALI ee AThi§ YEPFESENITANON Where mM= A i a tor 


This cASG. Thus Mm TAKES ON The VALVES _fe wef 


Whar we reply WAVE CONSTruCcred IN A TEAL SLOppY 
why dre Spherecdl hATMONICS Yeu (O,) Which Are 
GIVEN AS - im imo Lees 
Yam (9, 9) 2 Pe (wse) © A> =, 
where Ah 1S SOME MOFMALIZING FACTOR, The Funcnons Pe ceose) 
Are cALLEd The wssociftTed Le@eNdre PpoLtrwomiInAaLs, 


WE Now ShOuLd ATTACK PHYSicAL MEANING TO & AND Mm 
bechUSE They DO hAve A StenificanT INTERPERTATION. A 15 
The orbiTAL ANGULAR MOMENTUM WhiILE M IS The 3 COMPONENT 
ot The OrbiTAL ANGULAY MOMENTUM. The vavious VALUES of m and & 
have beew Giver NAMES so We cAN ESTHbLUSh The dichonary of 
TermMS here 


i oud ee seat 
Rone Oo 2 ¢ f (3 wste@ -i)e , SPO e€ + S INGO @ a 


ANGULAY de pendence Num ber NAME 
of AmpLTUd 
A ™ : sthres K 
Sphericaley 
re) (@) | |s=—ss— OS Wve ta 
+1 -i soe’ 7 
° > * I Nod 
cose : r RSE ide 
- | ig -< 
rR Sinoe 
za: 
(2 we swge ? 
4 .- 
\ ue sine cosee * 
2 Nod AL 
1g 3 d -Stve f eunae 
8 4 (3cos*e -1) © 
= i: sine csee'* 
t me sinte gat 
4 
3 a 1a 
20 Ce 
|| 30 H 


me (ake) gill) 


So FAR WE hAvE JUST Described The whve foncnon of 
HYDrocen for The case =0, M20 1.8, The spherically SYMMEMIC 
Case. Twis tS The STATE where The ELecTroN hAS NO ANGULAR 
MOmMGuTum, BWsT we nAAVE JOST Show Thar There ists A Whole 
Ser of SOLUNONS Depardine ON The NaALU ES of L And m. The 
ComplLETE SOlLUMON To Whe problem 'S S&pressiblLE AS 


igen cs Te m (8, 9) Fre SY 


where N iS The principle QvANTUM NUM beER. The re ftevence DE veLopes 
The mAThemATICS IN MOre DETAL Bur A Pictwre ot Te COmpLeTe hydrogey 
EMETOY Level 


CONT IALUUHIT 


= i136 .| So * — y 
Ve 
~ 13,6 3S 5? 3d 3 
E Ae es 
V3. k NZP 
(ev) — 2 


=e | Sz: | 
S P D £ 
R= 0 2 3 


TRANSITIONS beTWEEN Tne vArIOUS Level CAN occUR Md whey 
They PO A chAr ACTECIsSTIC FYEQUENCY IS EMITTED “Shich 
Tne ENERGY LOST IN The JYUMpP. OF couRsSe 
Absorbed ANd Move TO A HIGh STATE, 


FepesenTs 
ENErey cOulLd bE 
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22. boreducnen To SCHnEs Ne Theory 


LAST TimMeé Wwe SAW how The Solution To The SchrodIncEerR 
EQUATOM FoR The hYDRoGeM CAN be ExPressed AS The ProducT 
of Two FyncTIOnsS Yam (0,¢) TRU) , LF, 

Wyn (8,0, 9) 2 Yam lO,P) fe (a) 
S@hridincers EQuANON For which This 18 A SOLYUTON 15 
Given by -h t A A, &, - € 

Be ovtp 4 Ula) P (neq) Y 
And The Yam 'S SATISFIED he DIFFERENTIAL EQVANON 


2 (pine) 2¥am A O*fem - Q¢td) Ye 
Sino 99 Se * sitt@ “G6 een aa 


ANd Se(a) Sanshes the “EQ U ATION 
~-e L dt cake) ¢ Crves RAH | Fe (ay = E Fe) 
- tmat 


Um 2 da 


| wawT To POINT OVT SOME handy Thinos fibouT The Se fos cNons 
Aid SOLUTIONS, The Yarm "a Are Given by 


Ye, (8,9) = y Zktl (km)! Pe™ cuose) e'"* 
40 Cham) | 


The mrzo YRm iS & SpeciAl SoLuTon, 
Udtl 
Y2,0(09, 9) = fa Py Cros 9) 


A Lot of Times WE will ex pAnd Funcnons IN TERMS of The 
Vigne 'S Like The SuNCTION 
! s 5 nr’* Ps lose) 
| I-%acose tat d=0 


Sever AL properties of The Yem'A which we witl ALSO USE 
IS TRE MOTMALIE ATION AND OFTROGONALITY TELATIONShHIP 


T etn *€ 
j |. Ym (89) Ye,m (0,9) dP ainod@ = Smm' dys" 
whew The SPLYOMON 1S Symmetric Aboot The § AXIS 
i poe Yem(0,¢) ame do = UH Smm' § 
IT 15 possibte To Expand f& TWNCTNON ON The Sor face 


oF A unit Sphere IN TERMS of The Yem ‘a Too 


f (9,9) - 2 Aem Yam (0/9) 
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We haAve AlLYCADY MEAMQNED how TO Solve tor The Qem'a 
bY the folLLowWING RULE 


Agiw = {i ee FCO, P) rma dad@ 


This (5 ANALOGOOS TO ExpANndinG 4 toncTON IN TERMS Of A 
Foors€R Senes ON A LINE BETWEEN O And 1, For The SphericAc 
Nature of The €XpANSIONS These frre CALLED Spherical hARmomics, 


Oxte more iwereresmine Facr whrek £°h Clee To poImT 
OUuT fibooT These SOLUTMONS 15 The behAvion of The fe'a 
NE@r The oRIGIM. SINCE The poTewTIAL ENEToY TermMed 5S 
Governed by The CewrrifucAl PoTeWTIAL When The addios 
GeTS CLOSE TO TERo ue. ViAp~ YA versus Vat. Thos 
Fecay must SaTisf The setex EQuANON 


=i g* Fn) ¢ Atee) Say = O 

fe dat nr 4&4 
The righthtiwd SIDE IS Eero bEthuse The E'3 Are CONSTANT Add 
become NEGLIGIhbE IN The Limit. ULE Try The sotunon 
f(a) = , a find UPON Ditterewnenne 

+e iereh "* -e Rhea oo 
a 

OR The EQUALITY A(hP i) = TC o7+)) whith Gives The 
YESYLTS eek end v=-(R+1), The Solunon gory 


DOES NOT TYTN OvT TO HE PhysicALY ALLOWed IN Quantum 
Mechfmics becnuse iT CANNOT be NORMALIZED OVER ALL SPACE, 
Aud STILE be mite. Thus The behavior of fea) NEAR 
The OfiGin IS Given bY A, The Am pli TuD €5 for The first 
Jew VALUES of ANGULAY MoMEenTUM Are. 

Notice AS The ANGOLAR MOMentM 

Gets hichey wiT Cortes pondinetY Y x Fein) 
WiGher vALUCS | Q The Line Ly hood 

of and The ParTDcle NAY Te oricinl 

BECKMASES RAPIDLY The refnsSon The how cTion 5 

ni ATE cCOMbiNEd WiTR The ANGULAT Functions 

1S TO Produce NICE SMOOTH FoNcTDONS ThaT ARE 
WELL behaved like Yeose =%. 
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23. SCATTERING THEORY 


We ARE Mow vefidyr To START The Problém we inTended 


To do Some Time bACK, WE worked ON PEWETTANUN of A 
coulomb bayrier Where The 


WAVE WAS 
Stom The “INSId€ my he ®e, The 


incident On The baArrieR 
Panicle wAs Trapped pnw The =POTeEwNFAL, 
The inverSe Problem 1S To STudy The behavior of A wAVve 


INsidewT ON The OuTSIdé of The BAmer ANd To SEE wh AT happens 
Tio: (i. 


The SIMpLesT Cxample TO WORK oOVT IN 
ScATMTETING Prohblem 15 


INCOMING 


The case of SCATTERING VOR) 


From A sPhericAllYy SY¥MMeTric Coulomb potaunAl 


_—_ 
OsTGO ING 
by A 


BARRIER 
wAve PACKeT and CALCULATE The probability 


ThaT Tne ScaATrer€ed whve comes out AT SOME 


ANGLE. The Side DrAWING depKTS This CASE. 


Wovld rvrequir€ 
WorkKinG with TIMe depewdenT wave duncnons 
and’ Therefore cer Quite 


COMP LICATEd,. HOweveR, AN yw 
IT 1S Possibte To solved The prohtem FR A 


Special case, The Specat cASE 
Nature of The 


In General This” problem 


depends on The 
INCOMING WAVE pAcKeT And To 


Sotve The Probrem iT tS MECESS AVY The WAVE PACKET 
IN very LONG ANd has A bLAYGES 


Amplitude. lu oTher words IN 
The limit we Are coMSIVETING A pLlANe wave 


Spherical PpoTenTiAt. Because The WAve LenctTh 
wave iS LatGe The Evercrt 


tnicidewT ON A 
of The plAne 


ot The parncle-wAhve 1% NEATLY 


% 
definite And Given bY E« RE / em , BuT be careful, WE Arve 
Not TALKING AbouT A beann” of INCOMING prmyTICle. 


Now when This plAWE -WAVE of WAVE PACKET PASSES 
OMer Thv ouch, or Around Tre spherical POTENTIAL oF The 


hidrocen ATom or Wharever , The INTETACTION SETS 


ouT GOING SphericAlly 


uP 
SYMMETYIC WAVES. The Problem 


we with worK ooT will CONSIDER The ScAMETING Center 


INCidewT WAVE WILL KOT 
ENErGXY TO The ATOM 1¢., 


AT veésT SO The Transter Any 


IT willL NoT vIiGGLle 7 Or SeT vp 


INTeérwAL Motions IM The Nucc €EvsS, 
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WE have SET UP The Problem So ThaT 
DOWN The ASYMpTOTIC SOLUTION of The 


The wAVE Gets very far Away from The 
That 13) The wave GuiTéS 


WE CAN wriTée 
wAve tynction AS 
SCAITETING CENTER. 


INTETACTING ANAM SETTLES TOWN INTO 


A STEADY STATE SoLUTON AS The radiant disrAw ce from The ATOM 


Gets vérx tArce, Thus we wriTé 


e wih 
che Ehkn name Af, \+—> 
W (2,0) e + €& Fe) Ais NAN 


A? 00 Sis 


The frst Term reéprésentsS The tncoming PLANE WAVE. 
The Secowd Térm 18 The OUTGOING sPhevicAlL WAVE which 
IS S¥mmetyic AbovT the € Axis So There 13 No Y dependence. 
The pomertum or A \S The same tr poTh WAVES SINCE we hAvE 


AssOMEd No ECO OF ENeroY TyrAnsfer TO The ATOM. Thus we 


Will conmSider ONLY ELASTIC SCAITETING UntTnh AN AMMOVADLE SCATTERER. 


Since Tre PotenTIAL V(A) 1S LimiITED IN RANGE Tre Above 


SOLUTNOM IS vALID IN Limiy for Larce 2. 


Now we must EXPLOIT our New KNOWLEDGE I how TO 
EXPress funcnonS IN Terms Of The Spherical hermonics. Because 
We hAawe Considered The cAse where Y is SY¥YmMMETKIC AbouT The 


Zz AKIS WE CAN boriITE, 


WR) = 2 Ce Fela) Peccose) 


where The funcnons Fe(a) sAMs FY The differenTAL EQuaATION 
~¥*® 1 d* Ca fe) 4A (R+)) 
SS + | Very + ss | Setar = Efe(ay 


IN order TO Solve tor he (Ce'n IN The Above EXxpaANSION 


IT 1S NecessArY TO compute Fg (aj. IN PAENCULAr We Are 
wrerested iss Fe (ny Far ouT. TAKING & cLUE Spom The Previous 
ProbLEmM of Barrier PEPETLATION WE will GUESS Jhe form ot 
Se(n) to be. 


Je th * Bin Ori. 4 AT + 8x) 
(F 


U 
fe 
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How po |! KNow THis 18 A SotuTnon? WeEtl Loox AT The 
DiffereoTAr E@uAatmon for Se(n2) iw The Limits AS A 70. The 
POTENTIAL TERM 15 NEGLIGIBLE Anid WE have D SATISFY 


- 2° (a feta) = Eag(a) 
tm dae 


So iT foLLowS imme DIATELY Thar AFRiA) muST be A SINE OR 


COSINE funcTION. The Sa represents A phase shift TERM CAYED 
bY The ACTION of The” poTtenTiAL oN The wave foncnon. When 


S<=0 There 16 NO PEVIFNON IN PhASE Which IMpLies NO poTeVTIAL 


is AcNaG. Recall when we TAMed AbouT The PAT IwTEGrAL ApproAch 
To Quantum Mechfwmics Ths IS The very resoLT WE predicTEd ¢ 
see PAGE 60). The OTher Phase shift Term AN/e is revated 


TO The ANGULAT MOMEYTUM The wifve has AS IT PASSES The ATOM. 


OKAY Now bers SE The Ex pression dor WA9) cae gut TO? 


CompyTe The Cyn, leT' S writé ovtT whaT we Know so H#R 
cRe tha 4 : 
- * & Fie) = F Cy am ikat+hi +e) Pe aso) 
ren) ee 
{et 
But SmNcCE EBFEACOS@ This KECOMES 


~ikacose tha c : 
€ re Fray) = F Ce Am (kat ’t +32) Pelwse) 
i nr. 
Let's ALSO EXPAND SINC RaAtATA + he) AS AN Ex ponenTIAL, FS, 
A 


Lika + AI 4§ ae RE aS; 
pu, Chat ZW +h) 22 \e ee Rat AY 45.) 


ee Pe €086) 


Pa i kard .é We Vee 
Fra) =) Cg Je atepede) — -c(har ~] 
pe 


Im = This Form we have TYUYNEd The INcidenT PLANE WAVE - 
BUT GOING Spherical whve Problem INTO) Pure SphericAL 
ANd OvTGOING wAvéesS AS ObSEervEed by A Guy 


But ,be careful, 1N Doine Tis WE have Not 


INL COMING 
AT Whe NUCLeYVS. 


Necessarily 
PReServed The sphericacly symmetric form of The SoLuTION, 
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To CONTINVE ON «IT 1S ANIECESSARY TO EX PANd The IN COMING 
wAve im Terms: of Spherical WAVES, 1.¢., 


vkRacose 


= 4e Che) Pe(cose) 


The Problem is reALLY GCTING T be A mess when i MAKE Mis 


EXPANS iON 
‘ he Big) eg 7 Meeneede) thar aden 
Za felday PeCwse) +e 5 si G@ie -e Pe C wse) 
R ve Aa 


| Don'T KNow The fala , The CR'a, or The tuncnon Fie). 
But ' craw IN deed Find Them. So LeTS TERR Ts EX Press 10N 
Apart Solve for The uN KNOwNS Aid puT IT ALL BACK TOGeTher 


AGAIN. First, LeT's Work oN The feta becAusSe WE CAN hind 
Them Through The orThocon ALITY YELANONS hip previously 


discussed. So LeT's wo 5T, 


\ . 
thacose P a Pa 
je Pel @se) d6cse) = z, | 4 elka) Pe Cwse) Pe' (sq) A639) 
= -I 
Which Produces The 2% vatue ot oe 
% 4 "  ¢kacse 
2h ge (AA) = J e Pe'Cwse) dose 


Dropping The Prime NOTANUN bec fuse ot The Gener ALlity | This rejutt, 
| CAN Show YOU how ThiS E@vaLITY woRK; Jet's Try k=O for 
which Poe Cwse) = / And we hAve TO ECvarvaTe 


. ' , 
‘ jee key > e thacose des 
La | 

VPON INTEGYANON, oder. -cha ‘ 

t jot RY) = = ( -@ ) = tom ke 

eR/ RN 
The BrackeTEed QufAwTityY vepresesTS fr IBCOMING And out GoIM & 
wAve For f=! \ chkacose Duan RA? hea cose 
jr thea) . thes e cos@ dtuwse) & ~~ 


the specific NAME Givew These funcnons 1S SphericAl Besser 
Suwcnoms of hart mutecers. 
The duncnon FC(@) 1S Treated IN A SimicfR fAShiom 


And €xPANded AS 
Fie) = & Ge P, cess) 
v1 
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The secret Now 15 TO PoT This mess bACK To Gether NOw 
ANd MATCH The TWO PAYTS, 1£., INCOMING ANd OUTGOING WAVES, 
| with be lLooKING for A PAyTcULAY ser of dz's wHICH has 
AS 17S AS¥mproTic LimiT The SoLUNON am (kattin) so here 


we Go Aa 
5 , t¢kas AT ) “Cer rht) Abe 
A = =e | Pe curse) + 2 ~ Qe PeCiwose) = 
CcRar 4D 40) chat 8D + Se) 
> Ce | e 2 ) & ™ z g | 
Ae Tease) 
fe 
-¢(Ra+ &%) 
Now The e TERMS MUST MATCh ANd They will if 
Cy = e &dK 
Rr 
+éCkardmny 
Now we hAave To march e@ ; hart a5 
- NC t ‘ ' 
Cika ry) tha CR a, we “) 2Og t (hr 43) 
Ce z es e e 
a 4 ae — 
Solving for Qe ; 
We rede 
Gx = zefe L € i | 
So Twat we rwatty have The Funcnon F (0), 
Fie) > C2ULt1) Pec = 
re z ii Le is if 


The de'p must be computed beforehand tor They Depend on The 
NATore of The ExperimernT, ft COmMpuTer IS TYPICALLY USEd TO 
THRULATE Their VALVES $o The AMPpLiTudEe of The ScATIErED wave 


ls dehwed &pticitty, 
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eA. QuANTUM Theory of ScATTE RING 


AS fA Review from LAST Time we nad come TO Discuss 
SCATTERING Theory. WE Assumed A STEADY INCIdenT WAVE which 
WAS ESSENTIALLY INFIMITE IN ExTENT AS VIEWEd bY The SCATTERING 
Atom. Part Of This INCOMING WAVE 15 deflEecTed bY SOME SCATIERER 
And Srom The intensity of The SCATTERED WAVE , The Prob#@biuiTy 
oF SCATIERING 18 compuTéd. 


The asymprmric form of The TIME-iNdependewT wave fwcNON 
wAS Given AS eon cha f 
Wino © e rie. (@) 

fe 
Heve we have iGwored The Sip ite TIME impervAc IN Which The INCOMING 
bEAM ColliDes wWITh The scATEeReR, Since The incident bem Add 


The ScAITETEd bem FEMAIN STEADY, ALL ProbAbaliTies bECOME 
iIndépendent of Time So THAT The complLeTE Time DEpardenT 


whve VNCTON CAN be wrilTEN AS 


-fEt the tka ¢ -cbty 
Y= Wroe “x |e +e He| e 
iy 


WE SAW The scANWerEd Amplitude varied AS f& Suns cron 
of 9. i'd Like TO discuss IN More DETAIL The NATURE oF This 
fumcnon , £19), anid FirsT off t'd LIKE TO TALK AbooT Row IT 15 
recocded. 


\f A DeecTOR 1S SET Up AT SOME 


And @ To The 3 Axis And iF SubTEends =* 
A SoliT AnGte dQ, Then we would LIKE 
/scamered 

to COmpuTE€ how MANY parncleés #rive INCOMING bs WAVE 

wave € Paw etka ty 
AT Tre deTecTOR PER SEComd. The s TrevcTh APS — 
of The IN comiINe PARTICLES IS GiveEN bY on 
N parTicles Pea cubic cewTimereR TYAVELING AT DETECTOR, 


A véLtociTY UW. The nomber of particles scaT ERED 
Per SECDNA im The dairectnon of 6 Tnhroveh A Solio 
ANGLE d [2 iS 

Nuiow d 
Where 4 ia EQUAL The VELocIT?Y ot The INLCOMIN @ w favs. 


iro 


o witt Turn ovtT TO hAVE The dim enision ot Area And 75 ANALOGOUS 
To The CLASSICAL AX defininon of SCAMETING Cross SsecTION. How ever 

iT 1S MoT PropeR TO ThiwK of o here AS The Arena” of The SCATTERING 
SENTEer but rather Mm Eftecnve Area which The INcominG wave musT 
hit To come our AT The Ancle OO. IN GENETAL oe AS: 3A fo neon of 
boTh © And DP boT for ovr CASe if 4S wuUsT F don cTonl of 6, 
Since Nw 1s ANALOGOUS TO A cuorrenT , We CAN ThINK o} The 
incyd@wr CuvrenT L = Nw fd The deflected parncle Current fs 
TodQ. The cross secron, wd 1s YUST Tre rano et The curvenTs, 


| Now wANT TO ComMPfArE The ProbabilittYe ot FiIndin(tG The 
PArTiCLe IM The INCIdGUT WwAVE TO ~The Probality of t+wding The 
PATTICLE IN Some prep Atd AT The detector. In Me weidenT 
bEAM, The Probability? of Find ine The pfrticle ts 


th x 
P= |e 3} = ] 
Im The ScaAMered bEAM The Probability tS 
f a 
Pigs s rig] 
UL* 
\f The tneooming berm VELOCITY 1S viFberenT From The 00T GOING 
vecociTY Then 
Sols >| el | 
Poors 4, \Fco) | Winn 806) GA eye 
while Pin = ON .. There tore The ramTno oF Pour Te Pom iS 
Por 2 Nm ocoy nt gar 9 = ‘ine_lftond” 
Pin N Bs 
Bat Pay ote) = Ver ) fret 
Vin 
Ie ScATTENG 1S @LASTC TheN Your = Um an ove) = Ifter~ 


Lid 


BEFoRe | cosTINVE ON | WoVvtd LUKE TO PISCUSS PhYSICALLY 
whAT happens To The Origin AL WAVE whiten A SCATTErEd WAVE 15 
GENEFATED by Tre INTETACTION. WE will LEAN TWAT The inicominG 
beam is reduced IN INTENSITY AS The Sécondary wave Generated by 
The ScAtterer -beams inTErAcTION interfer, The Net eftect of The 
myTerferncts Reduce The Strencth of The deflected beam below 
The STTENGTR The Wave would have iF NO SCATTETING CENTER 
wAS Present, This IS aust ANoTner way of smyINc The ScATTEING 
CewTeEt CASTS A Shadow in The Torwfrd direcnon. How Then 
po we KNow That The wive fon cnon 

etkt , @ tea fie) 
fe 
Predicts Such A vEehAVIOR. Or SAid ANoTner wAY how DOES iT 
TELL uS THAT PArTcLES ATE CONSErved ATTEr The SCATTEMING process’ 


TO PNSWwEer The QUESTION LET'S CALCULATE how - e- | —? 
MANY PArNCLES Trere ATE IN REGION L ANA a 


Recion IL. BY SvUbrrACTNG The two QvAnTiTI€S , 
Wwe CAN Show THAT There Are fewer PATTICLES IM | ae 5 \\ | 43 
iL Than we I. Te vo This we'tt TRHKE TWO ne [se ‘He 
very LAYGE ATE AS , EQvALR IN SIZE And A 
CALQKLATE The Number ut PATTICLES GOING Trrovch, 

Prax | a 


The INTENSITY of PArTicLéS imTo Ax is 


InmrensiTY av AL = ‘a pene? tnpde ° ‘ia unpde 


0 6 


where Pmax 1S The vardivs of The AreAn AL wwch iN The Limit GoES 
To infimitTYy. The INGFeEnsS ITY of PATTNCLES OVT Throveh AG 1S 


Pax Ng cp 2 
INTENSITY AT Ap = | ns = “He | tne d? 
. Re 
This CAN be Expanded TO The form 
Pua éRig-4) -t hk (R-%) bs 
f | 1 + & tto) - © Feo) 
ee _ ———ee 


D) 


+t] tp o¢ 


For This cALCOLATION WE cAN NEGLECT The IRt TEM since 
We wiblk LET may —> Go IN The LEMIT. 


He 


The particles losT would be The ditference ot The Sé€ 


Two INTEGrALS OY JUST 


i Praax éACR- 2) ~¢ &(R-€) " 
A Pances last = = { fia) e re fie) | ened 
i mca 
RK 
IN ordey TO EVALUATE The INTEGYAL | WILL MAKE SOME UNMECLEeSSArY 


APProxjmATIONS. Foe LAarce R we can writTé 
KS 4G tp* = Zz +> VAs 


z 
So The Term R- E= ts yust Paes White Im The dEMOMINATOR WE 
CAN bY wiITR JusST LeTrinG® R =Z SINCE WE Don'T HAVE TO WORRY 


About Amy Phase EFFECT wS IN The EXPONENTIAL. We CAN NOW DO 


The \NTEGrANON rATREY QUICKLY. For The Hirst Term we GeT 


ha ee pee 
[I eres) tr oA sal CBM bey 
é 
Where | Wave €vALuATed (0) ALONG The & AXIS So ThAT O=0. 
TiS INTEGrAL Yield The imfiniTELY oscillLArorY WAVE 
have EncoumTered before. And im The 
PhysicAl SoLUNOM CAN bE 


Which Wwe 
Limit AS (mA —? 0 The owl? 
A WAVE which SLOWLY PETERS OVT. So 
we are LEFT wiTh The ANSWer To The AivsT INTEGYAL AS JUST 


Prorry ek ps 
i‘ tn (PS?) fig) e he : 14 (@) 
che 
BY Similar EVALUATION WE find THAT - 
i eae -tR Pee | Ut FCO) 
f (7S?) Sere a? oe 
2 z ;: 
So The LloST Particres Aré GIVen by 
Apert = -~ | tnitio) + et! = ume L f *co) - $00) | 
ode tr AR 


This Pers wer Looks PpremY USELESS bot iT DOES TUFN OVT TD 

be The correcT ONE WE WANT, To PYT IT IM A MOTE 

AMEN AbLE form we will wrifré FCO) IN ATS Generar complex form, 
$(O) = Tera t LT mag. 


£¥(9) = F rent = cS paee, 


1t3 


So TnhaT 


Subtracnne £70) trom F* 76) we hve ThAT 
£ co) -f 0) 2 . 2¢ Trane 
Thus The Number of Parncl€S LOST 1S Given bY The IMporTtyT 
resuLT, 


IMAGINARY PART 


APpeences = 47 £ (0) 
AR 


If we Ask The Sime QuesTwN for The CLASSICAL CASE, 1£,, HOw 
MANY PATICLES ATE LOST pers Second DYE TO The TOTAL SCATIETING 
We have That 


Number LosST Per Second = NU OrorAr 
where Orme = | CO) dav which 1S The TOTAL ELASTIC SCATIENING 
OCCUTYING. Thys WE cAn Simpler compute The Coss by 
NO. of Parncles losT /sec = NW Oror = Operar 
No of parnctes 'N /Se5 Nw 


So we cAN Conclude Mat for conServarnon of PATICLES To hotd 
DUVING The COLLISION PrOCESS IT MS The FOLLOWING rule must 
be sanshed, 

Prop) - Be Im ¥ (0) 


This 18 vSuALLY cCALLEd The OPNCAL Theorem, The Theorem 
TELLS vS how To feLrATE The TOTAL Cross SEecrom And The 
IMA GINACY PivT of The for whtird SCATTETING frm plitude: It 
JUST TELLS vs how The beim iS reduced IN The forward 
DIFECNION IN ProporNOm TO Every THING ThaT 1S ScATered AWAY 
ThrouGh ALL ANGLES. 


For The case OF ELASTIC SCATTERING ONLY The above RESOLT 
TELLS VS THAT 


40 In fio) = ) tFcopt” de 
he 


Which tS The requirement TO ConServeéd PATTICLES Dorin’ The 
ScAtTrerinGc. IT SAYS you chrimoT hAvée Aw ObJEcT There SucKiING 
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UP PART CLES, QuAwTWn Mechmnically Thent There tS No SYCh Thine 
AS A blAcK box AbSorbING INCOMING pAeTICLeS ; There musT be 


Stme diffvacnon 1é., InTerfevence of waves DE To The ELASTIC SCATIETING. 


WE Now wANT To FINd AN EXPLICIT form for F060). AcTuALly 
WE AYE NOW INTECESTED SpecificALLY IM The IMAGINATY PART of 410). 
And we beter find ovt That Im $l0) is A posinnve NYmMbeR, WE 
pip This LAST TME ANd found THAT 


£ (9) = =a Z. (tAtl) Pe cuse) C hae 1) 
Ze 


R 
wseZ 
The imporTANT TERM 18 (2 -\) which is The diffracted 
wfivée oc interference Term. IF We wriTe THIS IM A LITTLE pilfered 
Form | he.) ei Se 
“1 2 4 Geass ge -i) +t Puzde 
3° Thar 
f(9) _ ' (tht) Am2dq Pe (wse) rt > (td +1) C1-CoS%82) Rocosa@ 
Zh 4 2g i 
SINCE 1- cos2 Se = 2 ne de, ws hAVE hor The imf#oinAary Parr of 4060) 
The vaAtue 
-] 
In F060) = 4 F Cohen) pun® Sz 
By f=o 
BY our Treorem Then 
® 
vay = 40 tyfcoy = AN F Crt) Am dy 
jer Re 2 
Aw f20 


Ir might be omTEreSTING TO See IF WE Can vertdy This Answer 
bY CecdLLING = That 
x 
Seon. « 8FCO)L = fey F*) 


USING The Above xpress iON for (8) we CAN were 


WS 


o @® ‘ \ 
ae Fi ' ay) ~ tide! 
Proms, = 1 ot FF bade ilcet'e1) Ce” #1) Ce -') Pecose Py cose 
(eck) feck) A A’ 
BY comveYNNG TO INTEGrALS | Pace 


fyd usin The facte Tat 


IMTEGCV AMAL OVER ALL ANGLES, 


) Pei CWSe) Py Cuws@léydcuose) = Aq de de! 
-1 Url 
Sroray = at Ss CURE CR ba tg Pe, 

adc > tA+) 


Simpuky ine The Cx ponesTiAl 


. : wes ~ ride 
cet.) cee ay = Pee ee tl = 2-~2OSrdk = Gorn? Sx 
So WE hAVE The SAme rEesutT by Some mirAclé, 
a 
2 A oy a iy Be 2 + 
oo mL tt) Sin‘’d 
TOTAL Ae k=9 . 


The usual wAY To Pursue Ths DISCUSSIOM 1S TO SPend virTuALly 
ALL Your effort IN WOrKIN@ ou7 The && 'a for A specitic 


PoTenTiIAL 
FUNCTION frd MAY dE 


lo percewtT of The Time 1S Spent Showine how 


various Szg'o work INTO The EgunTrons. I'd Like someday to Redo This 


AppProAaAck Awd &™ phasite The IMpor Mice of The $a'a. 


So wWhaT ''d LIKE TO Do here 1s Te ILLuSTrATE The §e ‘Term 
for cerTAim circumstances. First we Should ASK Th WhAT decree 


? 
1S The result ObTAINEd GeneRAL. Wet, They Are moT GCeNErAL 


Jor Sever AL REASONS, First the INCOMING beam Né&éd NoT bE SPheriC ALLY 
S¥mMmeTric. However for very LONG WAVES spheriml WAVES will 


COME OUT, When The AnculLAY Momentum tm The bef IS Aaece ,, 


bie A Quannties, The wAve ACTS NeéfrLyY IMdependenT of The ScAITEnNNY 


POTENTIAL AS 1T PASSE) be. Im Order words The lLarcer The Ah The 
SmMALLEr The chANCE The wave will nd ovr whAT's INSide The 
Atom, For Low vauves of R The wave has # hicher probability 


of beimG found Gar The cenTerR of The poTEWMAL SO IT IS 
deflecTep rmiore, 


17 


To clandy what | meaw A linle more The ASYmMmeErric form oF 


IMPLIES ThaT QufAwTUmM Mech Pi CALLY There 1S 
ANGULAT MOMEeuTumM banG carried, Whem This Occurs The SoLoToNS 


The IMCOMING WAVE 


@eT MmMOre compucated. OME Ey Amp LE ts When The 
AN INTTINS(C Spin , Then The 


IN Terms of The Sphericac 


INVOLVEd (nh The 


IMCoOmMING behm has 

wave fFINCTION Wilt hfve To be expanded 
HARMONICS. When Mnree particles ATE 
SCAITETING procesS AMDNONAL COMPLICATIONS AvISE. 
Also whem The INCOMING Anid ouTGOING Wives have difteresT momevns 
The results AYE MOE complicATEd THAN PpreéesewTéed here. 


ALL | 


Th 
hfvé provew iS ThaT A SvLYTION For Tre 2? whve IS 
PossiblL€ but | have not determined The reLlAnve SIZE of The 


YESULTING PhaASE Shift ethee In Ordey TO GET Every Trine T HiT ToGeTher 


IT ¢s nee 


USUALLY NECESSARY TO write The Phase shittd AS 
So Whar 1S Vet well, for our case We was equat To 4, bechuse we 


2082 


CONSEYVEd PAYTICLES,.¢., The ANGuLAY MOMEewTUM WAS The SAME IN The Two 
wAvES. If Tne INCOMING WAVE cAN TUSN 


KNOCK ApArT The Sscaterince Center 


MY <I! which SAYS t hAd To 
€xciTeE The fArom or Something 


INTO SOMEINING ELSE OR 
or Some ovher cCratyY Twine Then 
VSE Up SOME PALTICLES C&VErGt) TO 


ELSC. This vsuvatly mAKES The problen 
hard TO SOLVE. 


RESONANCE S cATTERING 


GoOIN@ wAt BACK To The Problem WAT 
This dis cUSSIOM ,we WANTED 
fr WAVE 


PrOPee prompt cd 
Fo KNOW WhAT hfppeved Td 
AS iT WAS Beamed AT A coulomb poTEemMTIAL ANd The 


wfve KAD & frequency Covent—_by close To The YES ON ANCE 


frequency’ for Leaning out oF The welt. The ENEvror wAs Then 


VAYLES AhouT Tris TEsonAwCe Ew ero Eo 
equamon ——L aes For The SAKE of 
CE-Eo)*t /4 


Consider AN 


Accordtne TO our 


dedinitewess | wil 


S-wave (£20) RESONANCE ONLY And See WwharT Afppas. 
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Remember we €ExPregsed The 
barrier in The form 


War ~ cos C Anrd) + %CE-Eo) aa(kath) 
ths 


1N ExPonNGunAL WRM we CAN wWriTe 


p s Pi tA) 


w Ave tuNCnON ouTSideé The 


BY ExPimdine This 


[ yk me ‘ as | , ye 


This 1S The some of AN INCOMING fnid 


OUTGOING WAVE. SINCE 
e tisk 


1S A measure of Tre STreweM™ of The Two wave fonctions 
WE wriTe For f=o 


uvdo 2c4 [ 2¢CE-Eo) 

e = e | n | 
66-60) | 

| t cle : 


INVOLVING A tS criTICAL but for The momenT we ASsume 
MoThingc Else IS Scan ERING buT The SCAMerer, .£., There ISN'T fwy 
bACK Ground SCATTERING. Fot Thar CASE A WS 6. BuT 


The Term 


betore USING 


Wat APpProxkIMANON WE cAN REwrit¢e The Above EX PFESSIOM IM fr more 


us to fe. : : 
€ hoc Feat é ’ uc $e uw rae Oxre5 
€ = e e 


Where The Second Phase Shift is Due To The YTESONANCE SCATTERING, 


wes Res. B=-Es + 6% 
G-E 9 -¢My 


The GeNerAl  ExPrEsSsION$ Soe The 1™ resonmnce would be 
dependewT Upon 


de> Ag t Snes 4 


Now fAr Away from 


The resonance F ts NEGLGIbLE 
And Snes ~ 0. 


Near resonance , Es Ge, Ones = | Pruid - The 
SCATTErIMG VEACheS A MAXIMUM. | Ave screwed vp The MATAR 
becavse | wawTE€d Fo Plot The 
eh Hs & teNcTON E-Eo, If | 


ue dae) 
e 


ALonG The wear 


foncTion 
zedas 


IMAGIM Avy Axis 
Do 


Pa | 
ee 

E-G9-6%/, { 

ip INTEnsIry 2 


SQuAvE oF Léveth 
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The Graphical rePresexTnoN ot The scAmerninG ih TewsSiTY US 
A Good wAY TO VISUAL These Kinds of Problems. The Ampli Tud< 
of ScATT Eine Around YEsonANce is Then 
st: as 
wd (6-69 - Me) 


Pro porTionwAL TO 


The cesanANCE Cross-secnon ig Given BY 
4n® i 

Nise as, Lee ee 
AS [cee +"/4 J 


Ir IS JNTETESTING TO INTECrATE Ones Around The 


Tres * 


VESONANT CWGy 


To Find oUT WhAT rex is hy @ x; When E-Eo. 


Sune > | ones d eye Ee r 
> Aes € = ¢ E-€o)* +, P/e - OF 
Then = Omay = 4I/Re | That 35 
= =a 
OtrTAL = Yh an (*Rt+1) Aw de 
hod 
fon hzo , §g20 a 
Sroral> Tmax = 47 
Ae® 


Suppose ThAT onl’ The § #nd p whve FESONANCES AE 
Vm por TMT Then SINCE he oO pnd Ret Then 4ta,= At bcos 
Ania 
a=: Ifcgl* = Jam +Ballbl cose + Ibi’ cose 
Here The |] Blt Term 1S The VESoNnfyceE TéErm ; }a1% |S NeArLy 
consmmr And vepreseuTS The bACKGrouNd HW SCAITETING And 
Iaiot = Cabt+atb) Represewts Tne iNTeritrence effect. 


Ae) 


25. Roranon And ANGULAR MOMENTUM 


A while bAacK We TALKED AbouT The idea of GN N-STATE SYSTEM 
where The STATE VEcTOrS 1Vj >? could be represented IN SOME 
DTher coor DINATE SYSTEM , SAY The Primed SYSTEM. TO GET from 
one STATE TO The OTher WE mn Traduced The idcA of fOTATION of 
The STATE vectors, The iden of rorATION Some how Seems TO SUGGEST 
The CLASSICAL coOncepT of ANGULAT MOMENTUM, SO perhAps WE CAM 
Bwd 9 correrANon between YOTATIONS And ANG ULAT MOMENTUM. 


Let's definé The oPerATOR Dj, CR) WHIch workS ON The STATES 
IWe> im The 5S coordimate system TO Produce The STATES Pj 7, H4, 


Ley > Pye ce) | Pe > 


Here R denotes The FoTATION of S INT? S* oF SAID MATheE MATICALLY 
sts RS . BY The SAME TOKEN WE could romATeé AGAIN Thrdvch S TO 
oer " <@5" - FS. BY Mese Seccessive POTATIONS The OpéerATOR 
Bic cr") Must sANSS¥Y The ELANONSH'IP 

Dee th") * Sy Hecrh Bei lA 
In words, A R” TOTATNION CAN Sirst be EffecTEd bY roTATIN G Throuck 
QR Then Teroveh T. This IS A MATYIX EQuATON ANd WE MUST and 
The PAcTICOLAy MATTICES TRAT SANSFIES The TELATIONShdp- To Do 
This we WILL wer COMSIGER TINY ROTATIONS | 1. £., in dIMiTESIMAL TOTATIONS, 
AbouT ALL AXIS ANd SEE WhAT hAPPEWS, 


FIRST, WE WILL CONSId Er A SMALL YOTAMON E€ AbOVT The 
\ 


Z- AXIS,1¢. for OF E20 The roTATMON wo vid be 4" 
x" = K.coSO + Y SINE > x*YE \ 
Y' =x sino + Y¥ cose zxE +Y V 

We will DENOTE FD) AS 0; C1) because The " 

coord NATES Pre ESSEWTIALLY ONChANGEd. Here Dyed) 


iS GIVEN bY A first order Var ATION From umiT¥ 
13; 61) = Sjc = ce CJy yc 
uikese 22 Re it The SORT SIE TERM WE, Now WE bAVE mmodsceD 
Gectices- Wen ok (19 1x which for The Moment !5 ASSOCIATEd wi Th 
mre FACT ThAT we voraTed About The 3 AXIS. HAd we rornTed 
RhovT xX,OR Y WE Wold hAVE Used x, Jv 


vespectrve ly 


IAt 


LATEY WE WiLL DISCUSS IN More DETAIL The PhYSICAL SIGNIFICANCE 


of J; dx, And Jy. For Now We will Assume 1T TO be A romTATION 
I 
oper ator. 


THE J’n hAve A very IMPorTANT AN 
ProPerT? Which They SATSTY.- They 


IMPOYTTANT MAThHe MATICAL 
Are HermeTI AN OPErATORS. ThAT 
MATYIK ELememTS SATISTY The MANIPULATION 

Tt 
ot PEP Ee J , 
Cia ye 2 C45 de; 


This MEANS To GeT The 


MeANnsS ThAT The 


éj ELEMEWT of i,* bd cee ee 
The j,¢ lL OMeEwT ot Jy vd TRKE ITS comPLex comVUGATE. Fhe Reason 
why Js MUST be hermerinn” Evolves From ff more basic CONS TAAIWS 

havinc To Do With Pre Causality fd The conServanon of ProbAbitity, 


Thug The voTation OpevATOr Race} 15" the Follow Inc 


Ry ce) mn cs Cé€ dy 
fd similarly tor x, and 4 Then for ANY Arbitrary 
Some WXIS cocked TO The oriGinAl hi Yi 


rOTANON f¥bouT 


coordinates, SAY iM The 
direcnom N we Chin deduce MAT 


R * [see 9 90 
BY This NOTAMON we MEAN The seT OF Three TOTATIONS ENs , 
ENe, E Nx ww The Order GivEN Such TWAT 


I-eT-N = C1- Cen, Ty) C1- CE Ny Ty) Ci-ceNx Ix) 


Now WhAT Properties MUST dx ,J¥, ANd J have for ALL ThIS 
TO Work out? WE will find ouT That for The J's To satisfy 
The Above rotTAnMoNAL ProPEYTIES THAT They MUST 
T The rule 


COMMUTE ACCOrdING 
Jx dy - Jy dx a J 
ANd Two OTher such rul€S obtTHmed bY cYCLIC roTHMONS of x, 7 And 3 
Jy Js - J J¥ = tdx 
J3Jx - Jx Jy > tay 
TS 18 A VEvY ImMPOFTANT Property of rEAL SPACE “IT 


1S A NECESSATY 
YESULT which muST hotd for 


SpATIAL S¥MmeTrY TO be perserved. 


ay 


To vérif¥ ThaT Such AruLe NATUrALLY Evo-ves From A romATON 
LIKE feted os we witl Show ThaT The €QuAMNON If COrrEecT IN 
The Second order. IF IT IS COrrecT IM The S€cond Oder, IT 15 
correct TO 3%4 order ETC, WE WANT TO Prove Then THAT, 


POTATION € AboulT X + TOTATION Y About g — roT.€ About X i ae = 
YoTATION of En AbooT % 


BY A seconsd Order roTationN WE MEAN The operator A Is 
Expressmbe IN expowewnNAL form 18, A ser Os op expMadléd 
our AJ = \- ¢ Od3 SPB gnaw 

cv 


Thus wé hAvé TO work out 
if l+in Jy ‘s a J) (itcedx er sod g We") Cte dn) 1- cen; 


NoT€ The PArTCULAT order IM WHICH The roTAHTNONS Are EXP ESSE 
ITS Sort of LIKE refdiING Chinese - you hAve TO reAd From richT 
To LET, Tis 1S imMPOrTANT however whew €x Pp fdine ouT THAT 
WE EXPTESS ALL The ProducTS JUST AS They occur. To EXPAN 
This OUT The O order Terms isame EASY iTS JUST 1. The 
@ firsT ordeR TERMS Are 

edy +t ends ~ C€ dx ~ N99 ec 
Now we Need The sécond order Terms, 

“oe - et Tx - en dy dx i yrdy” + ends Je * En Jxdy 3 CTx" — en dy Ix 
SUbTTACTING ouT WE AYE LEFt WITH en Jxdy = envy J 
Theretdoré EQUAMNG The richT ANd LEFT SIdéS WE find TAT 

viedlg + dye =< oNG 
After correcnnc for A SMEN MISTAKE. Thus 
Judy - Jy dx >. ¢ N35 
or writtey ALTErNATELY AS 
CJx,Jy J = ods. 


THIS RESULT 1S ONE of The ASIC PrincrIPALS of QuAwrm Mechanics ' 
| ASK YOU TO hold IT DeERr TO YOur HEArT. 
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So far we have ontY been cConsiderinG® The MATHEMATICS ot roTANoN 
mMATriCes ANd Shouled The IMporTANT corveLATIOM To At fund amenTAL 
Property of SPACE. The IMPLICATION beinc ThaT The résulTS of AN 


ExPeriment 1S INdependenT of The °rievTATION OF The AXES, ThiS mens 


The seluTMons To The Schrodincer EQuATION Are The SAME IF WE 
roTaTe The CoordinATES SAY Throuvch, Aw finclé & AbooT § hes, 

Pex, ¥,t) —> Y( Xtose +¥ame,-xsne +¥ S09} , 3) 
Ts mennms for HR smALL rvoTAMNON € Wwe have TwaAT 


py ~ DWV 12) = YCxt er, ¥-*E, 3) 


If 1 ChaweGe LAbELS for The MomewT Add LET ba 2 dy we 
chm wtiTe TO Hirst oRdER 


Potts b = wex,y,z) t erwW - ex dy 
(l- celey = p =] a 


This MEANS TnaT Tne OPETATON Ls 1S Tne SAME Thine AS 


: Xo + 
Ly 3 3 ( a4 d ox 
if | PUT IN Ro Where iT belong > over i , Then 
tx = re ¢ 
8 “6 c® ay q snd 


Now A while bACK WE represesTeEd MOMEwTUM ASThEe IPEATION 
Ka =P, Thus sy 1S By EQUIVALEWT TO 
c ak 

= ey geo 
Now we CAN Give SOME PhysicAl SIiGNIficAwce TO The QufwTiTy 
Lz because 'T Looks LIKE The % componenr of The CLASSICAL 


Mechanics ANGULAT MOMENTUM, 
_ aa —_— 
Ee = RX PP 
CLASSICALLY -however, The QuANTITY PxX- XPx =O SINCE 
P ANd X commuTEe. IN Quantum MNEChAWICS There 15 A diSTINCTly 


Different CESULT SINCE 


& OX 


When This operaror Works oN The toNCTION a) we Tnd ThAT 


o« Rd x 
£ AX 


LAY 


x ha Pex) -ha xP) = rea yp - poy 5 rey = “h Pon) 
é Ox ~ OA C oO © 
we See WAT The fwswer 18 NOT tEro Ad WAT The OPéer ATOR 15 
idewnNn CAL To MULTIPLICATION by CH, be, 

OPx ~ Ger = ih 
if x were O , Then CLASSICAL fwd Qo wT MechAwics Wold bE 
We SAME > SINCE h#O0 we hfve TO Lefty QufoTUM MeEChAWICS. 


/ 


Since WE SUbSNTVTED Ly For Jy iT Must be True TWAT 
The U's SATSF#Y¥Y The COMMUTATION TULES PrEViOU5SLY €STHT3LIShed, 6.6 
Lx Ly es lx ze ly 
To check This la? 3@y-y@, And by = AG, -3Gp. Then 
we hfve To work ouT Ly (Lx), he, 
—-{x%2 -s2 2 ee 
C 93 ig, ede, Uh 
WhAT The heli DOES ALL TAT OpErATION Mem, WELL, LETS Plow 
Ahewd And write iT Our CArETULLY ANd Compare tT Td Lx Cly WY). 


begite : ae yp. ya 
Ons ae ae bangs ee 5g 
Ss x3 a4 a + " — " ¢ fe 


Now Ly Clyp) che be Found by chancinG AWNd P IN The 
AhovE YESULTS §2 WaT Mme first 4 Terms fire The Sfme bor 
The LAST TerH is; = ¥ ox. . Theredore 
lx lly P) - Lyltx¥) = x oY -yay 
ag Ox 
ifoweée divide This by ¢ u € have That 
& & ait C a4 x2 = dy = 
ae q* +( a4 J oe, ‘3 
Mmeretore indeed A residuAL 1S Left ANd Tre Terms Lx Anicl Cy 
Do NOT comMMmuTé, They BETTER HAdn'T ! 
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xh ed Ya) -ha xP = xk ae - & poy- Bey As “a Pen) 
t OX ~ Ox t Ox é - 
we S€e War The fwswer 18 NOT ETO Add MAT The OPEr ATOR 15 
IdemNCAL To MuLMPLICATION by CH, Lé, 

Dx - xe 2 ih 
of 2 see 0 shen CLASSICAL fd QohOTVM MeEchANICS Woold bE 
The sMmMe ; Since H#O0 ,wE hfve TO L EfitN QufmoTumM MeEechANICS. 


é 


Since WE S¥bSNTVTED Ly For Jj iT must be True ThaT 
The U's SANSFf¥ The COMMUTATION TULES PreviouslY SS THT LIShed, 6.6 
lx ly = ly bx a ly 
To checK Mis lz = 3 Py - 4 Py Ane by = KP; *$Cr . Then 
we have To work ouT Ly (Lx WY) hE, 
-ix2 -34 oe 
¢ 94 5.308 3, J)? 
WhAT Tne Kell DOES ALL THAT OperaTION MefW, WELL, LETS Plow 
Ahead And write IT OUT CArETULLY ANd Compare iT To Lx Cly WY). 


Lglife BP) a < a tgp a 
d oe oh! ) + neg .e d oxey ad De dx 93 
= es ay + “ = tt + 


Now Ly (ly p) cfme be found by chanGcinG® AWNd - IN The 
AfhovEe YESULTS $2 Twat Te first 4 Terms fre The Sfme bot 
The LAST TerNn is -¥ Wax. . There dore 


lx tly WP) - Lyall) > x oY -ydy 


if we divide This by & wé hAve That 


ba by = yt 4(e2 =u oY j = t 

ar a a $33) * “8 
Mmeretore indeed A cresiduAL 185 Left ANd Tre Terms bx Arnel Ly 
Do NOT coMMuTE, They BRETER Hfdn'T ! 
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26. GENERATORS of The ROTATION OperATOR 


I'd LIKE TO STUdY The Properties of FT More closely Awd look 
AT The CharacTerTics oF The STATES ThaT The Operator Produces. 
We will Soon discoveR ThAT The Schrodincer EQuANON IS INCOMpLeTeE 
IN ATS Predicnom Of how ware behaves. The stares Left our which 
The J’S Produce Are The ‘Ie INTEGer SPIN STATES. SINCE NATURE 
TAKES Ad VANTAGE of ALL The possi biliTieES AVAILAbLE To her, 
Ard Then S39ME, SChrodingers Eq@ufrnon 1S mcompleTe. IN order 
TO APppreci ATE how The Prop ExT és of SPACE Are reftected IN TO 
OUr RESULTS WE'LL hAVE TO GET A LITILE MORE AbSTVACT IM OUF 
CEPFESENTATION. Bechuse we cAN'T PhysicAtcYy describe or 
INTE PErT WhAT Ux dy ~ dy dx mews ThinGs witl GeT More 
complicATéd — but only TO The humm obrAin. 


AvALys!S with The F¥cT ThAT 


We musT SifrT TO develope our 
cAN detwe 


* 
Tne J's Are WEerMeTAN |} é. Ji; = CJ 3,) 5 We 


The NON- HErmernAN OPETATORS 


WE CAN USE Thes@ operators ANd wriTe 

J; J+ ? T+ C Jy +1) 

f. So & de Cay = 1 

ANd d yw 
Jit.J~ = pi J+ * vy 

ALWAYS POSSIBLE To find A UNITATY TrfwSformAMON TO DIAGONALIZE 


Ir «tS 
‘ 
uF d = Je. When Tors 15 


A hermenAnw MATYIX such WAT 
TEALIGEd Then WE CAN wr ITE 
Jy Imr7>= mIm? 


Given The st¥re IM? WE cAN Find ANoTher STATE bY oOperANNG 
ON Im> WITh Jy. Therefore WE wAnt TO ASK WhAT IS The 
YESULT of 43 ( J+ Im>) ¢ Usinc The formucA JYST written down 


Jz Cdrim>) = J+ Cds +t) Im > 
BuT The viGhy SIdE 18 JUST Je Cmtt) Imp . SINCE tI) 
ils JuST A NUmMbéer (T CAN COME Trroveéh The operaAToR Jt 
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Thugs we have The Answer 
J3 (Jeim>) = (mti)( Jt lm>) 
Why, Indi CATES THAT The ecen value hrs been increftied bY 1 with 
The ope ATaON of Jy. on Jrlm7. Since J5 Imtizy = Mt) Imti> 
we conclude What Jt im> raises The €Elc@evduycnon TO The nexT 
hioher STATE, WE can wriTE This As 
J+ ImM> = Cmts | m+t> 


Where Ces 1S SOME CONSTANT Which | have evaluATed betwee 
mM awd Merl, 


tf t Pursue ASIMILAY ArGcumMentT foR J- oPerannco ON The 
SPATE Im> , ILL find IT Lowérs Tne STATE by ONE And WE 


CAN WYNiITE J. tm> = Cm-2 Im-1> 


| can find Cm+t by The MATHEMATICAL MAWIPULATION 
Lmtil Sr imr> = Cm+t 
T 
Since (J,) = J- . Likewtse 


wv 
Zum Jo | wert > > Cieaa 


t 


We cfw Check what We have done by EvatvaTNG® JrJ- -J-d+ 
fd SEE if IT EQuhs 2 J5. 


hee dn bie ee) 


" 


¥ 
Cogad die |} m-i > 
vc 
«x 
C m-s Cm-+ Im> 


fr hb 

Ja Cale my) = Cm an J- mei > 
SubsnTWNNG Mr} for Mm nl 

J-CJe imp ) > Comat Cm +4 lm > 
And e. a > Umimpd bY defiwinon. 


IT Musr be True Then THAT 
u u 
[Cuma | = | Cage 3 = am 


To CONT NVE ON LET ME SUbSTTTE The fuwcTNon tm yor 
The Porvwomiacs | Cmetl” such That 


a > - ZN 
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Now tor such A YELANONShHIP TO TIéld n Arst Order €XKPFESSION IN Mm 
ON The YIGhKT SidG Fm mMuST have The form ThAT IT 1S ONE oOrelér 


higher tN m, Thus 1C AW wriTé 
Fm > ame +trbdbm +2 


Frid Then eee oe = = Dw bhEcOoOmes 
Aam* tomra - A(m-1)*-bom-1) —C 2=7-2™ 

SIMPLIFYING ma -ath 27 tm 
Which Mes az -l And b = -l . Therefore 
tm > s=mt-mtC =-MC mst) FC 


Which 1S MATheEMATICALLY EQuUivALeYT TO 
fm > ~(mtt) + 9° 
where © 1S fF conSTHNT. ‘I 
Our GrAWd freESULT Comes OYVT TO bE 
| Cmeagl = oe Carty” 
Now ¥ 15 & POSINVE NUMbER buT IT APPEAYTS THAT AFTEr mM GeTS 


GOES NEGATIVE Add WE GET NO AWSwEeR, 


big EvovGh i Cmrt|* 
IN CY EASE Ince wy ITELP. 


WhaT hAPPEWS IS mM cCAwnotr CONTINUE TO 
Ay Je operaresS oN IM? There with A vALUE for ™ Which whep 
raised AGAIN bY J, GIvES ETO. This IS The OWLyY war FoR 
This MESS TO WORK Our. 

Suppose 4 1s The valve which m retches find ChynoT 
exceéd, This means That Je lg > =O. Also we have ThaT 


ies = dee eS = Re 
oR es (oe 
[Cys | + ey 
SubstTitynne In To ovr GrAawa formutA we tnd f reLATNONShip 
which x muST Sims, . 
24 = f= (4 - +) 
oR ' ' 
ye C4 ++) Me 


And fiINALLY + 
| Cm+n] = (gr i)’ - (met) 


= Cgrm) (4+met) 
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were NOT QuITE done becnmuse WE hAVE TO COUNT dowNnw fre 
ANd WE ruN INTO TYOUBDLE bECAUSE WE WONT IN GewerAL TEACh 
= i For iNsmnce it 4 2s %,3 They CounTncw down bY one 
we hive 83.3 2.9, 0S 6 OF wa? =e? - 27. Therefore 
we hAve To reguire MAT The Number of SPACINGS beTween 


. 


4 ANd “¢ be INTE GAL | |. €., ty 1S A POSITIVE INTEC EY 


E.G B25, bS, OF, 40-5, ope, 2.0 This Turns ovuT TO 
be AlL we cAN deduce; There Isn'T AWT MOre, Arve Conclusions 
Are Tar ™M CAP row ovty The WALES -4 to j; Awd 


There will be 2 tl oF Them, ( f*2? , ugtis6 And 
= ti Sem 7 Bek y 
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27. ANGULAR MOMENTUM, SPIN 


LAST TIME We srARTEeD TO Find MATYICES WHICH SATSFIEd The 
COMMUTATOR RELANONSHIPS LIKE Ix dy - Jy dx > cds We identified 


With EACH SYST A TOTAL ANGULAR MOMENTUM 4 Which CAn WAKE 


On 2 1 value. IN fddiTION we dewoTed The 4 -comMpoMEWwT ot 


ANGULAT MOMENTUM AS M Ara SAW TrhAT ITS VALVE FhweeD 


From +4 te +4 The opevamrR Jz on The sTATE IM> Produces 
The €IGRANVALVES,M, I.E, 

Jzlm>=™m)m> 
Further we found THAT The SPeciAL oPeraToR J- hap The 
PECULIAR PCOPERTY of LowériING The STATE of THE SYSTEM, 


Per 12 RE? {64th - mint) lm-i> 
N 
J+ Im> 2 peg ai} ~ memen) | mti> 
SEVERAL INTERESTING fd” Useful EXAMPLES oF The Above 
TELATIONSHIPS ARE The FOLLOWING: 


a) 43 O » m=O, This ts The TriviAl cAS& oF NO ANGUlY MOMENTUM 


In This cASE of SPIN ‘lz The OPERATOR J- 
TO INVERT IT, 


ACTS ON THE STATE 


‘ss = Fs fe} 
gy 22.4 met Si asin feted) 
d ; mM:0 aC javOers Me 12s 
nant" J- I-12 = 0 
ms He J. >Riy 
, . or as haze B lhe 
(A) 4 > 3h oe 5 4m { Yee «FA 
m ws Sz J-lMry-: Bl-fn> 
cea I= PPARs 0 
m2 Sig 
‘ 4 
Si. ge 2 mes 
m:o7 It 
Wet? I 
m:-i? 4 
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SPIN ‘2 Amd RoTATION PIATRICES. 


- - 


jd LiKE TO NOW STwdyY THE sPecific cASE where 2a. 


To Do This | WANT To dehne The Operator Je AS 
Jz > hk ok’ 

in TurH The operayoR ow 

ANd Mie h? = =1- Ved. As 


W here hAs The properry ThaT o; they = Itle7 
AN oOperAToOr MATRIx Then 
A 1o 

— ( o-| 
In A SIMILAR MANNER 7¢ CAN 
( reaAllee THAT 


| ADD These Two 


Then i hAve Mat 


INVENT Oy fd o& To DO THIS 
Je lth > =0 ANd J- 1th? = bi >. IF 
EQvuATIONS Ard USE The fact ThaT Je = dy ted 


AdxIit#e > = I-V2> Such Twat 
cs ol 
cy = aa 
BY A SiIMILAT MAW IPULANON 


OF SubTrACTING THE Two equATiONns 
1 GeT TnaT 


tae Se 


WE WANT TO FIND OUT WhaAT THE ToTANON oPreERATOR & 
neans for The cAse fir. LATER YOU CAn Extend iT To Hicher 


VALUES oF 4 buT The MATH GeTS TOO compLICATED. 


AN ArcbiTrarcy roTATION AbouT A 


operator & = exp ¢@ (F'N). 


Fore 
—_ 
UNIT vécTor N The 


lf we first cONSIDEr d TOTATION @ AbovT The 3 fis) Then 


D operanne on The sTATE Produces A Phase shifT, 2-5, 


Pimy = e'”* tmz 


This is ANOTner WAY of THE STE Imp 15S of DEfwITE 


ANGULAT MOMENTUM fd IT MUST bE conserved UNdER A FOTATIN. 
Now LeT’Ss TALK AbouT A roTHNON AboUuT The 
An ANGLE OO» The A is given bY e¢4G9 
OH > exp (6G. To 
operaroR % MEANS 


AXIS Throuch 


OR ALTErWATELY 
UNdersiFmMaA WhAT This 


we MUST Expand IT 


EXPONENTIAL 
in A Power SERIES, 


Pv) = | + ¢ a0 41 69, Oye + % © 
ae ae Ae) er 
/ z -c -c 
fF You VEALItE ThaT Cosy = CF 5)C2 £) 2 1 The wry 
MATYIXx Then The Series CAN bE 


SepAraATéed  |N TO Tw Dd 
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SERIES WHICH ARE COS 8/2 ANd SIN %z. THE ReduT DENG 


A =Leos 2 a vy aun 


EXPANDING THIS duT 


/ 


A Ot 
cur 9 1) £8 i; i : 5) SN 


( COS O/z Sin WY ) 


\! 


AltchT Now, How Do You vSE THis matrix oPeraToR $ Suppose 
- You hfid A STATE It> Which Described APAMCLE W ITH Spin 
Up ALONG AN AXIS Which IS AT fW ANGLE otf O To AWOTher coordiwATE 
SYSTEM. WhaT DOES The STATE ITF Look LIKE TO The OTher Guy * 
Working OUT Tne MATH, \ 
i COSY sinh, ) 
LG \t> > DB(o) = aes ee 


>= C05 O/. lt > FOINRIPD 
Simuaclt for The SPIN dowN CASE |-2+ 


Oi > = eosAri-> ~IOMA I+> 
Jo ChecK These resuiT Observe whaT hAPPEWs if GO 180° Awd 
90°. Nore ALSO TwAT THE PRODADILITY IS CONSERVED IN Both OF 


These TrANséermATION Since cos’ 9 + swt A =] 


l would LiKE TO POINT OUT A very TENMATK ABLE Awd 
CUuriOUS TRING AbouT wATUrE, If Two full foTATIONS Are mAdE 
froouT Tne Fi Axis iT 1S THE Sfme AS DOING NOTHING WhiILE 
YOTYNON Throuch 360° 1S LIKE ChANGING The SIGN of Tne 
wave eNCNON. If This Divw'!T bappew we wovldn'T oeT 


The vrichT PhysicS, THE ExPLANANON FoR THIS CAN be Seew IN 


mE EQUANON A im>-s e("? im> 


We have ShOwnN THAT M CAN be ONLY WhoLe or hALt INTEGERS. 


For iNTEGrAL metPE VALUES Of mM  YOTANON ThroucG 2M propuces 
R 180° PhASE Shift While For Ve inTEGer VALUES of m 


A 4i YoTATION Provuces O PhAtse Shift SO The on inal 
whve tuncNon is resToRéd. 
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IT IS ALSO INTETESTNG TO NOTE THE ExcrAnce oF 2 PATNCLES 
Prowuces The Sfme AtfecT ON The STATE of The S?sT™ AS A 
roTAMon of ONE PATTICLE reLATWEe To The oOTher. BoTh EvenTs 
CHANGE The Sign Of The wttve UNCON. IT Is Also True ThaT 
Such A PhenomenA WOULd Hoe be IMPOSSIBLE If The world were 
NON FELANVISTIC (ng. THaF—tS With GALI Lenn TRANS FOrMATIONS IT 
is IMPOSSIBLE To Prove THAT SPIN ANd STANISTIcS” fre raATED, 
IT iS onwe Tre concepT of FéLANVSTIC INV ATi fice That MAKES IT 


Possibie TO NE The Two ToOGCEheR fivd Describe Thincs The 
wAY Wey § fite. 


COMPOSITION OF ANGULAR MOMENTUM FOR 2 SPIN ‘2 PATTICLES. 


Suppose we now compucatTe THE Problem by CONSIDERING 
A two Pirncee SYSTEM CACH WiTh Their OWN ANGCULAT MOMEwTA., 
EACH PARTICLE ( tor Issmce AW ELECTYON /rid Proton) hAS ITS OWN 
fMCuULAY MOMENTUM 4a Aid fv SH, And ITS Owa hy SOM PON EST of 
AvculAc MOMEWTUM Ma find Mb Yespecnvelt, WE WhnT TO ASK 
WhAT ATE The Possible STATES toe This SYSTEM. IT will Turn 
OuT THERE ATE QuiTE A few , Cty tl) (2 Jo ti) IN Hct. 


Suppose tor The EXAMPLE WE consideR A Simple ATOM WITH 
NO NUCLEfic SPIN WRANd ConsidER IT 


IN THE @p-STATE, 12. IT HAS 
OrbiTAL ANGULAR MoméntuM C=l. 


Also We CowSidey The ELECTTON 
To have sPin '/2, Then in ove NOTATION jr! ANd fo = 2, 


The Grand ToTAL ANGULAR FIOMENT J has a vate of Fr ANA 
2. BY our rove For The Number of sTATES, b2.,(2Ja tl) (tpt) 


There musT be A TOTHL OF (@LriI (enti) = 6 sTATES 
AlTOeéTher. Where fre They? 


Well tor The pr of ATE with Le! There Are 3 possible orbiTAL 
STATES , 


qa: Lt impures Ith ae | VOPFQ. , Iba 
while for The €LécTromN There Are TWO Possible STATES, 
jor %e IMPLIES l+/2>, find [> Wa He 
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The MEANING of These SYMbOLS 15 TO IMPLTE The Sense ANd 
MAGNITode of The orbiTAL ANGULAT NOMewTum While AT THE SAME 
TIME To Chavacrerite The SPIN oF The ELECTYON AS ETHER UP 
oR down. THUS our Six STATES ARE 


P4yith >, It7qi-h 7m , 197 I*RD%, lori“, | 
[-13a Utedy , It Fad Vers 


The S¥mbot It? means The ELECTION IS OCDIDNG IS SOME CLOCKWISE 
SENSE WiITR ONE UNIT OF ANcuLAr MOMENTUM, FR; LO7Qq ImMpLiés 


NO ANGOULAt MOMENTUM fins 1-1 7Qq IMPLIES opposiTE SSE 
ropANon. The S¥mbot It¥e p>, SAYS The ELECTRON HAS SPIN up; 
Whil€ I-A, dENOTES SPIN DOWN, 


FOR NOW WE ATE “GOING TO DISREGATA ANY SPIN-orbiIT INTERACTION 
but 30 RATNER JUST TRY TO COMPOSE -+trom The STATES AVAILAbLE TIE 
STATES OF dehniTE AnculAR MOMENTUM. How Do WE Do The ALGEbrA? 


FIRST WE Should ASK WhAT IS THE Grand Jy of The Sy¥STEm 
i} we wAWT TO cOoNSTrUCT A stare of AEhNITE ANGULAR MOMENTUM. 
BRuT WhAT The HEtl Does J3 neam?t IT 1S AW OPErATOR Sure 
ENOUGH buT Now Teo guAvynnes ARE INVOLVED, Soméhow thoveh 
WE MUST INTETPERT 1T TO MEAN THAT WE Will UdderGco SOME 
romimom € ABouT The % AKIS. I other wordS The wave tencrion 
ChANGCES To first ordeR by YF YW- ve Jy Y. Our Ques non 
Is WhAT DOES Jy Do TO wp. 


CONSIdER THE STATE Where W = [tl >, Ite 7 Por which 
We TOTATE AbovT %. Then Jy ON ITIZItAD_ |S EUIVAL GWT 
TO ChANGING The PHASE bY ad are Es 
ce 6% 


Jp ithalth ry = ene Itl7a 1*% 7, 
This 1S EQUIVALENT TO A Combined D of D*H® or 
se AD = Ct-ceTa) (1-¢e Jb) 


which T hrsr ordeR IS JUST 


fa = }t ¢€CJa+rTb) 
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1S The 
Awd ALSO JsJdatde, 


WE CAN CONCLUdE THAT for Two ObvécTS THE GrANd J; 
‘SUm OF The TWO COMPONENTS Jaz ae 
THUS THE Two ANGULAR MomenTR Add. 


LET'S POSTULATE SOME STATE M which IS A COMPLETE STATE 
OF DEFINITE ANGULAR MOMGuTUM: IT MAY be THE Product ot 


SEVERAL STATES. GIVEN THIS STATE Then THE GRitid Jy aAcTWe 
ON IT Witt Produce Mowe. 
J; IM> = MIM> 
BuT we hAve Just Showm That Jy 2 Jas t Toa So THAT 
(Ja, t Jos) IM >= mim> 


Now WhAT THE HELL DOES THIS MEAN’? WELL WE have To WwoRK 
OuT THE ALGERRA TOR EACH STATE To SEE WhAT happens. 


WE witk START ovT WITH THE bigecesT mM VALUE WhiCH 
We cAN CONSTruCT. LET ME CALL This M-vAaéLtUE 
CombiINcd M Find SIMILARLY fc dor The combine 
Then LETS START wiTt {er We Citt2) And me= 3/z. THE 
STATE WE ARE AFTER IS THERESE Ith Ite 7_ , Trere 


Are No STATES WITH Nicher TOTAL AnGculaAR MOM EwTUM. We 
MuST work ouT 


(4get dae )itira ite re 
The sv¥bScripPTS frre IMPOCTHNT 


Me FOR 
fs And {o- 


IN WOrKING out This © QuANON 
becAuse 43a Ch GONLY ACT ON The sTATE Itl7Qq white 
SIMILACLY Jz Caw ONLY ACT ON It%2 >H. Therefore 


(4yat {gb )lnr74 lr? b = das Itl7 itrlerb + dae awa Ite Py 


Mow Jja ttl >a JUST PFOdUCES The Elven Valve 


+l Awd SimilArly 
For dab dry, = thritiiz>b So Thar 


(750 rgb) Iti Faith ry = tL izing + Yule i7i ite 2p > Ab elPa lt e7p 


We have JUST ShOWN ThaAT Me does w tact EQuAL Fle, Ke, 


4c ItlrottY re = Me lmMey = Yr Ime > 
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Now ThAT WE have COMPUTED The staTe fe*7/2 Awd Me 27/2 
WhAT fboutT Mme STATE 425k Avid mez"/~ Since we KNOW 
ThaT Mc MUSTTAKE ON The VALUES F/z, V2 ~ ve, 7-5/2 dor ferns 
How do WE COMpUTE The ANGYLAY Momentum dor SMATE Me? th 4 
Weu, we use The LowsRiIng OPErATOR ON The STATE Mc= 3/2 Which 
WE JUST deTermimed. Lets do IT — Remember our rule 


‘ Pe, ss 
qzc lms te Ps 4(Z +) 33+) | 2-1? 2-13 |m-/2> 


So Whe we KNOW What ThE STHTE Im. 23/0 > (tS AWd ALL we 
have To do IS OPErATE ON IT WIThH j-c AWA divide by FB, 


IM. =3/2 > ae ez + 4-b) ltl Pa iter, 


RECALLING ThaT 4-« wilL ONLY work oN IthF?a TO Lowe IT 
fd SLMALARLY for j-e ow lth? we WAVE THAT 


> ae x [ 1S 1 t¥ede tLltl ra i- 2 > | 
Where AGCHIN WE USED The GCNGrAL formula Jimmy = tyipry-mim=r) V7 
bur we ALrefMDY worked iT ovT dor The CASE j 2} md Ye 

J. (4% Felo7., jt 4e> = &l-l> 
Therefore we S6¢ THAT g-< OperaTiING ON IM.?3/2> STATE TorNs 
The orbiT Down bY ONE QUANTUM oF ANGULAT MOMENTUM WhilE 
Leaving The SPIN The SfmMeE  boT ALSO LEAVES The ANeULAT 
MOMENTUM The SfMe bvT TUrnS The ELeEurron UPSIde DOWN. 
SUMMAMIE ING Then 


for 4o> Fe Merl ~~ We {% lor 1thry4 +t 3 I+) Pa l-t Fa 


Nomce THAT The TOML inTewsirY wads VO 1 C(Pisih+ (M%s)*)*, 
This tS ALWAYS A G0od CchecK AT The Wd TO MAKE sure 
You Dipn'tT screw ANYTAING UP. 


WE Have ANOThHer STATE TO WORK oOvUT For gc? Fe 
And iT 1S dor Me=e Ve. The Mczle STATE cAN be determine 
IN A SIMILAR HANNER AS AbovGe SINCE 


felmenros fancy = 14 lm hk? 
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THE MATH 1S GETTING MORE MESSY buT LETS co AhEAd 
fimd WORK IT OUT, 


IM, 272 7 > a (4-0 + feb) | (% lOoAT+eE A, + (% [rl 7a W275] = 
4 


= & [ P24 I-10 tere © (2M loz |- are + 1% Jor l-he>e | 


lth? = fi = (3 item © £%5 10 Far [= Fe 


To Ger THE LAST sTATE, I-2h 7, WE WILL Lower 


[=e 7%. 
ANd We cAn do IT Direcry tvOMm The Above LESULT REALIZING 
That doa 1-1%a 70 Since we Are AT The LAST STATE. There- 
fore we have 


gor or % meth , Ws [43 I-17 Ie > 


TABULATING oOUr YESULTS 


Ph ee i ee a ed 
\ 4° 5h, Mc ? he o. = {z 


4 )O7q It '/e7, + %; LFiDa t- e7b 
t {ct4e, me 2° ? = 


= [& bora tttery + [%5 lore Ile ry 


Y aie § ee en i 
RG gE OF = Ty With, eatery 


Once we Ger Tne HANne of The CALCULATE % WE 
fd find wWhaT The STATES ARE FoR 4. 
And -"/2, With A 


CAN GO Wild 


2% phes, +or meo=z"/ev 
LiTttée ThoOuUG¢hT 


bqee emery = TMs lOm 1th ry - Ms Mela le ere 


1g ce Yay Mies te Z = [My Lora te vere - Pietra iether, 


its MOT Much yALu& TO KeeP This Stuft 


UP becAuse ALL These 
coethicignts Awd STATES 


have beEN WOrKéed OuT find THbULATE?. 
TheY AYE CALLED THE CLEbSch~ Gordon CoetticienTS find You CAN 


And Them tN A NUMber of lowdoKs BUT iF YOU fiTe Ever on A 
desery wslfnd YOu CAN COMPUTE Them bY STARTING with The 
GENEFAL LOWErING ULE ANd The Wichest Valve tor Me. 


137 


28, PRObLEM SOLVING WITH ANGULAR MomenTuUM Ref. vo. ML 
Chaprer 17 
Wd Now LiKE To Show vou how To use The concepr of 
AN GULAT MOMénTumM ThAT WE hAvE develoPped T gotve somMeE 
INTERESMNNG PFOBLEmMS. WhAT | HAVE TO DO IN PARTICULAR 
IS TO Develope specitic Expression for The SM marrices 
ThAT we nKAVE discuSSéd 


RESONANT SCATIERING OF ThE Pi-mMEeSON fd The ProTON 


Ars INTEreS TING EXAMPLE TO STATT 0LT With iS SCATTERING 
of Pé-nESONS, 1%, from A Proton. It TUrNS OUT ThAT THERE 15 
A very STTONG TrEesSowANCE ScATTEING for Ths  nrecacnoNn 
when The panicle Jorm by The INTEACTION cALLIT Aw hAs 
Av eneret Of Around I236 MeV. THE IwTErAcNON 
IS The Follow ING 
tT’ + = aad — Ps 7 hal AmpliTude 
of SCATIES ING 
THE ExciTéd EnerGP STATE of The Pi MESON 


ANd ProeTeN QuicKLY DISINTEGLATES PW BACK 
INTO The cONSTNTVUEWT Parts. The resonance 15 dias 
QTE SONG Néfr 1236 Mey find ALL The SCATTETING A*™* enersy — > 
le.) 99 %o OF IT, IS Due To The fesomAWT ExciTATION 

of The A®™ parncle. WhAT WE would LIKE To DO IS Ts 

verity ThaT Te A*™ has A TOTAL ANGULAT MoMewtoM 

Of 3/2, The TEASON WE AE INTEESTED IN DOING ThaT 


1S 
becavsé The Ti* has PA Spin teEro And The Proton hAS Aw 


INTIINSIG SPIN oF Y2. So somehow Durinc The “ cottision” 
ANGULAY MOMENTUM WAS IMPARTED To The s?~STEM. IN ordeR 
To UNdersrfnd how The a** CAN PICK UP ANoUIAR MOMENTUM 
WE WILL LOooK AT The INTETACTION He From A coordinATe sysTen 
IN which Tre A** JIS AT REST 


To SIMPLIFY The Problem INITIALLY We will ASSUME The 
ProTON GAS ,Of SCATIEVING CENTER, HAS been potArited 50 
THAT AlL The Spin Vectors ATE iN An “UP” direcTION 


ALonG “Some EZ AKIS Which detiNEs The veLociTY vector 
OF The APP CORCHING Pion CPE MESON). 
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When the parnccées Combine To form Tre INTE Medi ATE 
resommmT PATTICLE, WhAT STATE Witt THE A®*® parncle 
be iNn® Remember Trae The 


While Tne 


TT WAS MO INTRINSIC SPIN 
ProTom WAS spin ‘Mra. This INIMAL cond) TION 
reguires THAT iW Orde To cCONSETVE MOMENTUM Wher 
Te Pe Becks APArTT The spin ANGULAR MoMenTUM 
ALONG The @ AXIS MUST bE 


A parce, The 1? movinG ALONG The & Axis chhNoT 


ContyibuTée Pes: AVY ANGULAT MOMGVTUM $ AbovlT ThaT 


Axis bY virTe of ITS MOTION. Since Tre Tit WAS NO 
SPiN Fis we 
spin “ Up" After disiINTEG SATION. LATER wE Will 


ComSidér The cAsEe where 


KNow The Proton MUST hHAVE SPIN kr or 


Me provon comes IM With 


SPin down. Atte we do TWAT Then we CAN CONSId ER 


The proTtom GAS TO be A MixTvre ot spin Up or Cown SPiN 


PFOTONS becAvs€é we CAN Aver AGE Our TWO FesulTS, 


Therefore, we KNOW THAT 43 = Ve i ene ere 


Carty we SAID The TOTAHE ANGULAY MomEenTuUM of 
The FESONANT PpAYTICLe WAS Ae. The WAY The TOML 
IN The resT 
TT has orbitay AncutAT 
COLLISION dISTACE 
Proton TO? TWhhLlée. The idea 


ANGULATF MOMENTUM IS GY eATEY 
MASS coord IWATE SYSTEM The 


\S ThRAT 


MOMGOTUM Which , YPON YEACHING 
With The provom, Cfuses The 


Yr, This 1S "eQuItEeD SINCE 


| 

| 
ProTON wy 
Spin fr 


is sorT of LIKE APPLY A Torque TO A LITTLE PTECESSING 


¢YRO Which fidds Aneul fr MomentuM. The IM porrtAyT 


Are thxed gv Anh 
of PyGUL fy MomMewTuM Which cm be TrhwSferred 


dittererce “beiING here FRAT There 


The INTE ACTION. 


To suMmMATIE Ee Wen The SYSTEM 1S: INITALLY 


Pure sTATE With A TOTAL fWeorLLAT MOoNeoTrM 


IN 


iN A 
p 2 3/r 


And A & componewT of ANGULAT MoMEwiuM ot M2 ‘2. 


AcAin ovr IS To tieure ovT WhAT 


A** 


Qu esnon 
DISINTEGC YATES, WE WANT To 
ScATICCEd proTom looxs LIKE RELATIVE TO ITS 
ON THE & -AXIS, We hAve Suecéested ThaT 


when 
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hAppens 
see What Tire 
INTIAL CondiNOoNn 
if we EXAMINE 


THE INTErYACTON From The CenTEr of MASS SYSTEM THEW The 
Wo PAYTICLES WILL EKpLoDe Movine AWAY ALONG Some 
Axis &' which tS POTATER Throveh ful Ancle O 
RELATIVE TO THE INITMAL S@ -AMKIS, SINCE AWGULAT MomMenTVN 
Alone Tne @' Axis mMusT be Vr ,WE Know Thar m'= fe. 
THE ANSWER WE Ave LOOKING for IS The YéSurT of 
YOTATING The ed ,mi% STATE Throveh An ANGLE O. 
IM OVder TO Provécr The m2!2 onto The rvoTATeED Axis 


Wwe MUST compuTe The PeATMAS ELEMENT S 
s/o 
fil Pies lA? 
hat This MATTIX ELEMENT TELLS US 1S hous MUCh of The 
OLB STATEHIS IN The New sTATE M'. We will Find TraT 
The HNAL STATE DOES NOT depevd ON ANY ANGULAY rELANON- 
Ship-which 15 Good. The scATleing CA occur AT ANY ANGLE. 


Now ONG IMpOYTANT YroTANON VELATONSh ip which we 
will os¢ , ANd Which we hive ALREMOY ESTHbLIShed, 15 
That TO HNd Tre ProdvecTION of The proron Spi (Spin? ir) 
Aftterwhrd ThaT IS OW The oftGinAL %@ AXIS. To Do THIS 
The AmplimdDE TO be Spin “Up” 'S COs G/r_ Ad The AMpriitde To 
be ww oA Spindown SMTE IS - SIN B/z, BY Up fd down we 
Méfn) AS SEEN ALone The Z' Avis. 4 The A**® has its spin 
INITAL “up ” , 18, IN The +2" cdirecnon | IT WILL EMIT A proton 
WiITh SPIN, LIKEWISE, IN The F2'direcnoN WITh Aw fmpLITede 
SAY, &. i+ A** bas & Spin down imiTALLY Then The proton 
would disinTeevATE with spin down ALSO buT wih Aw Amp litodé 
b, (the Amplitudes & fwd b fire uniquely DeTErmined by The 
INTEN AL GUTS of The disINTEG@YAMON PrOceéSS ; The deTHILS 
of The Process bENG so Obscure ThAT WE wop'T Pursuoe Them 
Now). Thus The FAmplimde T HxYd A disinTecratred proven 
& SPIMNING ALONG The OricGin AL © ARHIS I$ 


$2) = 000s % = bom Me 
Tavs The prob bitity of Such Aw €vewT occurrinGe 15 
$00) = IWetoy|" = lal cos My + TEL SINS OA, 


14D CC 


This FuuncNON chy be simplified bY YSING The Triconmetric 
Idew TITIES SIN* G/v = Ya CI- 6°98) And wos*Ae = Yeti tose) 


INTO The tart Ibl> 
form fie) = Ci ratose) es ( —) 


A s = Ibi* 
Where & ANd & Are fumcmONWS of A AWdb. Wea sie 


IF The INTYACNON WAS The properry THAT PANITY IS CONSErVEd 
Then The AMpliTVVdeg b IS EQUAL TO G or -&%. This IMpuies 
Thar Tre TWO DISINTEG Mons Are refLEecTIONWS oF ONE AodTher. 
In Tas cASe 479 find B= 1Gl” . Thus The DISINTEGrATION IS 
LIKELY To occur IN fry DITECTON,. USUALLY IN These disinTEeGrATONsS 
Were iS AN ftNeULAT disryibuNow tor The PprobAbi lily of SCATT &INe 
SoTwar The Process iS AS¥MMETYIC. ThAT IS, !T LACKS span erry 


Udder A VELLECTION. 


THINGS ARE STATING TO GET COMPLICATED bEeEcAuSE The 
Ave A LOT OF COMtbinATIONS OF fawAl STATES Of The SYSTeN 
POssibLe AS A resuLT OF The diSinTecr ANON. FoR insTAN Ce 
LeT'S cConSid€r The ProToN |NITIAL SPINNING UP SO ThaT 
The IMITAL SMITE 18 4 = 3a m=tih, For the 4 2% STATE 
The 3 Com pON MNT OF ANGUL AT MOMENTUM mM Chin bE Fe, hh, or Fe. 
WhAT wd0UlLd be The fmplitde for The AISINTEGYATION INTO 
The spin down STATE ne., m' 2 -'hr 


er 
A See fi 


: < eS 
ae x l -*] 
dp = 


For disNNTEGYANON INTO THE SAME SATE Bur WITH proton 
SPIN “down” ALONG The E' AKIS, THE AMpLiTVdeé Would bE 


a(<tl S“lenra) + ale-LiBlth>b) 
—_——_______ SS’ 


a 
AMp. for t helicity provon fimp. for — helicity provon 
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The GeNnerAL resutT of ThiS distin TESrATON 1S TO Cnd 

UP NOT with A “Pure” smTe in The & coordinATe Sst 
but with A Lincir SuperposiTON OF The Four posi Bce STATES 
m= 7%, Oa | -32,. we must work ouT The marrix Elements 
IN MOré DETAIL, 


Roramon mMATHICES dor SPiN Vu 


LeT'S TAKE The eAsIesT CASE TO BeGiIn COMPUTING These 
Mitty ix ELemenT, LET'S SUppose The syST&™ hAS fAN INIMAL 
TOTAL ANGSULAY MOoMovT UM 42th 80 ThaT m = Ve or cle. 
This 19 The cAS¢ we have AlvendaY worked out. IF Me Ve 
INITIALLY Tew The Two possible hwat STATES oF M' = V2 ANa-Me 
have The foblowinG fAmplindes 


= 
a} O°” bak. & = oe Me 
4 | OT *) eh > axStt Ye 
If Me -'/e INIMALLY Then DISIWTEG AMON into m= tlh o¢-'h is 
Given bY The fAmpliTN DES 
eh 
Zr2| D “t-'a> = -SiN Ae 
ae | 
Z-%y DO “l-h > = coe Ye 
THESE AYE very USEFUL TYANSSOrMATIONS TR REMEembeR When 


WorKING@ These KindS OF Problems. LETS buT Them in A 
LilTLE TADLE 


iIniTIAL STATE x = Final STATE 
lt > C = it > 
it > > . i? 
ee — = > 1+? 
l- > + Cc = Il- > 


Where C stAndS for cas%. And S stTANdS for Sin Wr. 


To \LLUSTTATE THiS” RorfmoNn business Let's ASsumE The 
diSINTEGYATION of folk PAYNCLE wiTh Me tz INTO AN 


m' =z - 2 sjATE. TRAT 1S WE WANT The fmplityde 


a (4 Ye a lth > a) t Ale-nAID™1th>b) 


Ye 


Now iTS JQosl fF MATTEY of LOOKING AT Our TALE BECAUSE 
We HAVE Tre MATYIX ELEMENTS ALYEADY Wor Kéd OvoT. ThaT '5 


AmMplitudé PromwN up = a” cos Vr + ab sin %e 
The prodmbility oF SCATErMe INTO Mis SHITE IS Then 
aicos*% + arb*sin'8/2 —> AT (3B 605D 
Tis 15 The cfSe we DiScussed CATLIEr. WE could ASK ALSO 
AT THis TME WHAT 1S The AMPLITVdE TO ScATIEr WITH The proton 
ININAL DOWN, we woutd HAVE ThaT 


ns sith 
ale ’ rr | Be 
Amp for proton down = bCethl Boi-hoayr bf AID | => b) 
Prob@bilim OF SCATICING te z 4 29d 
ite peDTORS ice ee Or t bcos’ A 


Theretore | i} we had SCAMAING IN A DieP barrel ot diryy 
PFOTOWS , 1%. TOTALLY UN PoLATI ted Then we CAN JUST AveERAcE 
The up And AOWN CASES To GcT The UW poLAritéed PdbAb)LITY 


aumribunen ot 558 x 
ath" cstoy, + ath sin*Oy 
z 
Note If PATTY 1S conserved | Ib}? 14), Then The scamering 1S 


EQUALLY POObAbLE Over ALL five LES. This Implics Thar you smAv 
im Tne SAME STATE. 


Atl This stoH is veri Pre’ BecAuse we cAw Predict ALOT 
From Vere Lime. ALL we mMéed TO ASSUME IS The Soper pasiTION 
ULE Aid We CAN work ovT A helLuvA Lot. Ir 18 Twos Approach 
we PUY SVE in TYING TO worK OUT The Physics oy STron 
INTEYACTONS bECAUSE WE Don'T UNdErSTINMA IWTENAL Mech AWS. 
We po uvemdersTAnd The properTicS OF SPACE AWA Thay Alone 
9 gofhoéuT Tt MAKE A Lor oF PrescTNONs. 


ROTATION MATRICES Sor SPIN *2 PARTICLE 


Now LET'S YETUCN To The iniMAL Problém ot cCompuTEe The 
& tor { = Fie. We KNow The Problem is reducible TO 


A roThmon AbooT The Z AXIS by AN fiNore O. Therefore 
d 232 cdy od 


Ris) 


Cy 
Where dy is The YOUTATION Gener fArore Abs The Y AXIS. ie 3 


1¥3 


= 3, 
We Now musT work oo 27¥21 GB | +¥2 >. Todo That we 


have to expand ovT The &XpowenTial form ot JD, 
Ztail (ody > 9g aes 1 te? 


So we hfve A Serres OF TErms TO CompuTe , EACH Term GIVES 
oF The fOTATION MATYIX. RecatL Now WAT we 


havé worked OvT What Me 
J+ Awd J- Do AN The 


GS Aw ELEMENT 


TAISING ANd Lower oper ATORS 
STATE § La Pay OVE Se ae G., 


Jc PAS? Bhh> 


ad hide} “> = & 
J- t ‘a> = T I-k> —> Z-%2 1-1 ey 2 TF 
S~ keh > 2 Ruy Se KAI A eG 
Je Ie y > 0 
i Je L3r> = O —> 
det ee 2 BPRS — Cerise ltnr =f 
Sri~k> = Ta lh Fe> —> 


2%14¢ Fe h> =f 
Se |= de> « Beles 


We won't WANT J or J- 
ot J+ = Jx + c ‘y 
from J- (1%, 


= Zz -y Ij I-3ADd> BG 


buT vAtrer Ju. RECALLING The definition 


we CAN ObTAIN Jy by SsuUbrACNNG Jt 
Jy et Ae de = de 

d Se ( ) 

So WhAT 15 The MATIX element 2- Yr | Jy bre >? wee ir 


* 1 S-thi de -s-lth7 > 1 (fe -) 


— 
é 


You. cAn Keep Gone for ALL The possible 16 MAT TIM ELémenTs 
bub YOu cAn SEE ThinesS bre GeEMING QuiTe MESSY becAusE Pou 


have To square The Jy,erc. Ir 1s A helluwA WAY To rem 
A rAILCOAD ANd it iT Kept GOING weld ALL be LosT. Woutdn'T 


Ir be NICE Wh The Senes eure WAS CLOSEd ANd att er Son Ee 


power The Series sTAMrTed A CECUFSION, Wé., ThAT you CAW express 
The fiwAl Term IW Some LINGAY Combinamon OF The previous TERMS? 


WithouT PUrsSUuING The poinT The J'S DO Wve This Properry 


And dor j 23/2 The Jy term is The LAST ONE. IT chY be KX P fed5 Ed 
In Terms oF Je de dy Amd fr CONSTANT. 


iY} 


The why we tnd The recursion CeLATIONShIP 1S, TAS AW &KP/AmpLE 
To tornThe 9 opcAftor (Jz -3/r) Cde- he) Cderh) Clg + 3/2) For 
Tre cASE ¢ *4/L =fiSd LET IT SsevATATELY OPErATE ON The four 
smre 1h, te 2 bases | Sar I~ 7/e > Becavse The oreramor 
ProduceS O for ENACh Term Wé CAN wriTe 


Ce=3e) C4ane ) Cle te) Lie 7%) =O 
This cAN bE Exp Anded OUT TO CeT 


J24 = Sr de> + We ZO —? Je" - Sade - Ne 
The ide for JY 1S IvST The stme becAvSE Some curs 
é ANS 1S SOME OTher Guy's Y MIS. The resutT IS Gener Al. 
For Spin ‘2 The series Stors Atter The 329 Term SINCE 
(Jz tle) CJe- Ye) =O which imperes Jo 2 14 


EASY wAY To FiNd THE ROMATION MATRICES 


LeT'S TRY TO Hd The D'D w Another WAY Which ISN'T 
So MESSY. This 15 PATTICULATLY APPEALING To Do BecAuSG Tne 
Pin don't depend on WhaT The hell The problem or mode 15 
ThaT YOU fire WORKING ON - IT COULd be A resowANce, IT cOULd be 
AW ATOR, IT COULd DE ANITHING, 


LeT's STATT With AN OdbvECT OF SPIN Tt. IT hAS TWDd 
STATES \t> find I- 7; They corresPONd To SPin “YF” Awd 
“Kdown”s For A SYSTEM WITH TW SPIN eo obvEecTS WEF 


CAN MAKE A SYSTEM WITh TOTAL 4 >| of O, leT'S DeEwoTe 
The Possible STATES tor jr! AS 
ss |++ ae Bs, Aa -+ 7 --? 
Az | 7 yy lee? ae Pee 


We NEGA To COonrNueG To Model S¥sTrems WITR diff erenT 
ANGULAT MUMeVNTUN, 


For A 3 obvecT SYSTEM EACH WITh SPIN iz we CAN have 
fA mfximum Je of 3/2 Which we will denote by Ittt >, 
.€., Ale SPINS UP, Now we CAN Work ON This STATE WITh 
The LOWEING OpPErATOR TO SCT TFT Down TD The STATE Jz7"/2. 
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if we po Thar We Find THAT There fre 3 ParneLes TO SLIP 
over jNdividvALtY SO we CAw have The STHTE 


iz = ! = el. ts = < So 
422 7% 7 a ( Lhe=>  ¢ lee ro & fe fry 
We Chw Keep GoINnce tor The STATES G2? -( Awd jz? cali & 


pp ie ve  Necciies k el-Fo ? * fe ees) 
Aid 
je 2 7 ~s= > 


FoR Moré obJELCTS The EXTENSION iS STRAIGHTFORWARD. 


Now L&T'S SEE hOwW This Will helP vS WORK OUT The 

Ses 9 ts 

MAtrices LIKE <=.) OP ™ | r¥e >. we dowd 
worry About The order oF The stTATES WE CAw wriTé 


Te e--t 1D ese 


We WANT ALL The different ways THAT WE CAN Turn The 
ST#Tré ILrtr->? %wWwro Tre STATE I-- t >. Here's where 
our LITTLE Trf#NSdormANON CULE COMES IN becAVSE WE WMT 
To ;LUtP The SPIN SEWSE SévErAL DIttere~T TIME, GIVEN THAT 


our rf TABLE +> + C 
roO- Ss 
- — +t =-S 
= ee s 


Atrced? CcomPuTES The AMPLIT~WAES for VS WE CAN GO RIGhKT 
Ahead A teure ovT The VATIOUS COMDINATIONS, There five Three 
whyS TR do Ib 


\NomaAL ++ + + — ++- 
ye Ye vaya 
ren + = «= — sp = —- —+ 


sae éS G+ S&S €C * § &&) =26-s8* 


3 
Thus The TOTAL AMpLiTUde is JST LU cos* A. sin Az - SIN ah | 
irs MAGIC! Further it'S A hetLuvA EASIER, To exercise This 
cuTe ipeh fucrTrer WhAT ABOUT Lt ir] Pt Ptr >? 


INITIAL : a > = +. | 
oud a a 4 4 
Fina + + - = + + + + - + 7 
Aupumde CCC s c6S) ¢ sesp = C2 - asc 
Or TeTAL AmpLiVde 15 COs? 8%, — 2 Om! Hr cos Hr 


You cAN simpLtY These resulrTs further USING The various 
Triconomeaic Identities if You WAanT but The imporimnr 
THING 1S how CASY IT cAW bE tigured ovUT. 


1f WE GO BACK Te pur ProtToM SCAITEFING PO bLEM 
where we were eurwe OUT The AmpLIde TO STAT OUT WITh 
Ay “UP” ProTON frid TO end With Aw “UP" ProTON OW The ZB Ans 
We hAd The AMPLITIdE @ivew by 


524 J 27/t ni 
a(ieniD “trey a) tra@aip |+'n> b) 
Which CAN GASILY bE Worked OUT NOW AS 
a” (095 Zste) «+ ab ( 2e* 5 <8) 
The ProbAbitiTY of SCATICV ING The PYOTON UP 1S Then 
uu 
ef C3 = care) a wb C6 —2.6°s) 
\F The Process conServéS PARITY Then Ib) = 1Ql Arid we Can 


EXPANd OUT The funcnons AS 
Oo e 3) 


lf we write cos'*% = 1+0w5O = +x Arid SIN? O = (“Ee 5 Ae 
u cs ct La 


Then The ProbAbility of SCANEMING becomes 
4 
a (irs) = = (1r3 @s' 9) 


ThuS WE hAVE worked ouT The Complete Pw COLAR DeEPend ENCE 
os The SCATTCRING OF A SPIN Yu PATTICLE. 


A CUTE GEOMETTICAL WAY OF COMpuTING The fimpLiTud é 
OF SCATTERING A SPIN ‘Iz PArmcLe INTO A direcnon @ IS bY 
DYAWING fA UNIT CITCLE, THE LenGth of The vecrorn U 
GivéS Tne factude To ScatTréef Up find JDI fives The PRbADILITY 
AePtt+Wede TD SCATTER POWN. 


>= Cyra) + ¥” 
z 
= (Yet cose)” + Yasin a 


» 


z 
ak [rwse)* +4 sinto = 005 (2/2. 


(Bit = Yaryy - “got este = £¢1- cesta) 
= 2 
> sin* O/z— 


SomepayY Childven in ELemetry School witl 
LefvN QuftttumM Mechanics This wAy/ 
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24. LIEGRouPS | SUL2) And Su(3) 


There GusTs IN The REALM of MATHEMATICS A SuUbJECT 
CALLED Lié Groups AWd LIE AlLGEebrA. Some of You MAY be 
tamiuiar with The SUC2) And SUB) Groups becAvse They ATE 
USEfuL IN INTETPEYTING The resuLTS SE Stronce INTERACTIONS, 
Let's TAKE A bLiTtLEe TIME To UNdEersTind PhYSicALLY WhaAT 
The helt They ATE Ard how we USE The MATHEMANCS IMpliéd 
by Theer torns. 


IN A MATHEMATICAL SewSe The Theory of GYOUPS deALs with 
A seT usuALy An inhnite sev, of ELémeuTS which fre revaTed 
To €AchoTnce bY CéTMmN CombinfmMOw TULES. One Such ruLce 1s The 
CommMUTATOR CELATIONShip Which we hve discussed bedore. Group 
MULTIPLICATIOMS Need MoT be COMMUTATIVE buT whew They Are 
The Group 15 CALLEd AbeviAN. When WE SPEAK DF AGroUP 
REPFESENTAMNON WE Are TALKING frbouT A SET oF SQuATE 
C Ad NON SINGULAR) MATYICES EACH MATTIX “ TE PFESENTING 6ACh 
Group €vemenT, If The mATTICES Are NXN Then WE WAVE A 


N- dimen SiOwAL VEPLESEWTATION. EvERY BEES CONTINUOUS GrOoUP HAS A 
MATRIX REP TESEWTATION. 


So much for The PretimywaAries - WHAT Kind of cONTINUOUS 
GrouPs Are Possible! One connnvouvs Group Is The SET of 
fFOTANONS IM J DIMENSIONS ; or IT could be A 4-DIMENS/OWAL 
fOTATION , ETC. Because COTATIONS Ate MADE Vp OF A iNFiniTe 


SeT of INFINITESIMAL roTAMONS They fife Indeed Lee Groups. 
THIS R3 Group FEScribes ALL TOTATIONS IN EUCLIDEAN Three-SpAce. 


Whit€é SPANAL TOTAMONS fire ONE CLASSIFICATION oF A 
GrovP WE CAN TréPrEesenT The PhysicAlL EQuivALEwT by Polfr) tANCN 
OF LighT, AS AN EXAMPLE, As YOU ProbAbDLX KNOW, 14 1 START AN 
ELLIPTICALLY POLARIZED Lich) ThrduGh A SEriéS ot QuARTER 
WAVE PLATES, bivretrINGENT MATETIAL, Aid OTher JUNK, The 
Thing COMING OUT Will be of pDifterenT Shape Thaw WhaT 
WENT IN. IN PreTicuULAR If There WASN'T Awy AbsorbTION 
IN The path Then 1 codld hAVE JUST HAVE EASILY ReEepeAced 
fill The PoltATi2ING sTUFTF WITH ONE PIECE Which wf Persormeg 
The EQUALEWT POLATIZTATION ON The WAve, 


Jp® 


WE CAN cCONCLUAE THAT The operAsION ON LIGhT AT ACh 
“Ting” Produces & TOTmM effect Adve w@ SEES oF These 
“TINGS” which IS EQuivALewT TO fOoTher obvecT of The 
Sfme clASs. Thar 18 To SAY WITH ANSTher Member oF The 
PovrAriter SET WE CAN YUNdo What we did. The Group 15 
Then Thre EF F¢ecT created BY PUMING LIGhT Throuv ch The 
biteFRINGEWT GUNMK. The OPEYATION 1S Td disSTVRb The polATTATION. 


AnotheR EQUIVALENT GroUP To The physicAlL ONG JUST described 
iS The ONE “Composed OF A 2%xt MATRIX REPTESEWTATION eae 
Where The €LEMENT CAN DE comPLEX. WE Wilt CONSIDER The 
MATRIX TO bE VYestricred To The CLASS WITH ITS deTerninANT 
\ find terTher more IT MUST bE UNITARY. HAT MEWS ITS 
Inverse MUST EQuAL ITS hermenaw convueATE , M7 = Me. 
Groups of hiS GeneERIC CLASS have ne-l iNdependenT PAT fneTer, 
i.g., TOF A UX rEPresenTAMNON There Are 3 REAL PARAMETERS. 
The SimplesT €xAmPrce 1S € The Euler finGle REPRESENT ATION 
ot Three dimewsion & TOTANIONS 1.2, The 3 YorRNON ANGLES 


ARS 4, Y. the set oF UxXU YNITMRY MATTITES 15 CALLED SUC. 


Nou MIGhT be WonderRInc whY The 2XU complex mitrix 
JUST deéscvibed iS IdevncAL TO A SXZ REAL VYOTATION MATRIX. 
WELL irs fn UNtorTUNATE coincidance ThAT Me 3x3 
YenL maAvix ,R3 Awd Sule) fire The sfme. IT 1S YusT The 
WAY Thinos TuUrNéd ourw. 


In AddiNNoN TO MWe LIE GrouPS JVYST described There 
Are ALL SORTS OF OTher posSibitiTiés. The 1S A whore SET 
of REAL ORThowoNAL Grovps R3,4,5,...,N. There Are A whole 
seT OF The SPeciAL UNITHVYE MATVICEs*? SUL2), SUC3), ---SUCN). 


In addifnoN TO These Grovps There 16 A SpEciAL croup of 


A NITE OFdER which CORRESPOWAS TO The LORENTE TRANS fORMATIONS. 
Then There are A Couple oF NUTbALL MATMCES Which dow'T FALE 

INTo finy oF The Above CLASSES ; Thes@ Ave cALLEd E and F And 
sROUPS ANd fre 8X8 OR I1OXl6 — 1donT Remember. Beyond 

The 1@™ order or 30 The Group CLASSI FICANON, torMNATELY 
GeTS SIMPLER. 
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WhEN LIE WAS WORKING ON This MATERIAL he NOTICE The 
IMporMiwr FACT TRAT by STUdiNG The properties of INFINITESINALLY 
SMALL YormTiONs , 1,2. Those of The form it ce6G; , WAT he could 
GerfATe ALL THE Fimite OPERATIONS, Further he observed 
War The GeverArory Gy; could be writen AS A LINGCAR 
combwwenonw of A coctticiew? , A real ConsTAWT cALLEd The croup 
StTructre cOMSMINT, TIMES A CERTIAN SUbsET of The G’a,nE, 

G = = Cj Gi 
The TOTAL NUMbER of INdeperdesT G'o ww f& tunsdAmenTAL 
Propent¥es ot The croup. The other CRiTcAL Atecerhh AlLGebraAic 
TELATIONSHIP ESTA bLIShed by LIE IS The commuTATOR FELATIONSHip 
hk 
Gé Gi + Ge Be 3 i Ce Ca 
WE MENTIONGd TWAT toR The SUZ Group There ATE 3 INdepevdenT 
vVAaTiAbLES, TiS TESULTS From iwinAllY 8 PArAMETERS C2 parameters 
for Groh comPley evcemenTt) buT because The MATIX MUST be 
UNITIRY We cuT OYT 4 PrrimeTeRsS: The 414TH Prrfmerer is LosT 
DUE TO The Pe REsTricTION OW The deTerminewT TO be 4. The 
GewerAL ruLe OF Nr-1 INdePasdeNT PARAMETERS INdICATES 
for The SUZ MATIX WE MUST hive 8& PATAmETERS. FOR The 
fcAL orthocon fl MATYIces The NUM ber OF IWde pewdenT pamRimeters 
IS Yncn-i). For The RC3) matrix There Are AGAIN 3 
INdepovdensT parameters. for ANY oTher order of SU fad R 
Tne NomMber ob PATAMETECS Are NOT EQUAL. 


MosT of The TIME WE will wWoRK wiTh irreducible 
REPRESENTATIONS OF THE ROTATION GROUP. The irreduci tility 
oF A MATTIX IMPLIES THAT You hfAve Found The Fund amenTAl 
MATRIX REPPESEYTANION Which cAanndIT be torther simpriFied 
bY ChANGING The base, OF inTEeresT frre The D4 MATYICES 
which CANNOT 6E féduced To di AGONAL bLOCKS WiTh dimEensiOns 


SMALLER THATN Ceyrt). As Aw eExfmpite TAKE A 6XO MATIX An An az Ay | OO 
Gr . ee 


If Tris MATYIX OPERATES ON A © CompowenT VECTOR, IT 
1S The sfme AS MULMPLYING The first 4 cComponenTs by 
The 4¥4 mATYTIXxX fitd The LAST TWO bY The 2x2 maArrix. 
Te O -cOMpOMENWTS DO NOT couple The 4%4 With The 2x2 MATTIX. 
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APPLicATIONS ot The SUZ GrouP To PHYSICS 


LeT’S S€€ WhHAT Tre Previods MAThReEMANC FEePrESENTATIONS 
Mein Whew WE APPLY The concerpTS To A PhYSitAL SYSTEM. 
WE witlL bEer~Gin witTw The SUR Group Whith mHMed ATELY 
Limits vs To A 2 STATE SYSTEM. We will DEewoTe Tre Two 
STATES AS II> ANd 12d. AssociATEA with EACH STATE 15 
AN AMpLINIde TO be IN ElTher STATE C These AMpUTUde coet Fics ers 
correspond TO The strucTUCEe CONSTTINTS Whilé The SiATES !I> 
ANd 107 fife Me Group menrbers; we WILL Consider here @ 
INdependenT Sets ), The SYSTEM Then hAS fr fMPLITUde 
descr ibAble bY 
pe > = Cs 1S + Ct-1t > 
Now The First imMPOrTAWT PoInT To ESTMAbLIShH 1S Tre STATE 
YEPFESENTATION IN SOME OTher cooRdIN ATE SYSTEM- CALL IT 
The Prime s¥STEM. The NEW sTATES 11> Md 12> WSILL IN 
GeNErAL be LINcHr COMbINATIONS OF 11> fild 127, BE, 
Wo = ha 1S £ die TES 
IZ > =darti> +t KArwilto 


WHILE ‘ 


Iyer = cfii'> + GQ. It? 
Thus Whe frmpiutvodes TY fmssorm A cord in& Te Me Op erAnon 


C/ ) i An ar ( Cy 
C2’ a Hes ofae bel 
The X% mATYIX Produces The SUC Group ANS IS ITS FEPrEesENTHTION. 


As AN ExAmPLE, The elecTrom (sg fA Two STATE SYSTEM WITh 
SPIN El™er +4 or -%., Thus we hfve The case where 
Ite> = Lip fwd IR? = IUD. The Above CepreserTAMoN 
40ST conhrms WhAT we hive bEEN domme ALL ALONG; WE haAvVE 
been PrOoJECTING A spiIN sTATE ALONG fwoTher SeT of AXE) TO 
Awd The roTATed fmplitud « To be in The STATE. WE Siw THAT 
The FEPrESENTYTON WHS JVIT A LINEAR ONE. 


IS | 


STRONG INTERACTIONS 


Let's consider firsTher Two STATE SYSTEM THiS TIME IN AA 
LiLE MoOre deTAIL, ComsideR WhAT HAPPENS When A NEvTTON 
ANd ProToOm INTEFACT Trroveh some COMpLICATEd WAY — A NUCLEUS 
IS formed. The compléx InTEYACTION Forces depend ON every ine, 
The wf The proton 13 SPINNING When IT cOMES TOGCETHEL WITh The 
Neutron, ANd ALL SoRTS OF OTMer NessY Things. IF we, 
for The MomenT, considéR The Two MASSES ARE EQUAL, Then 
IM Tre MESS LIES A HMITACULOVS SIMPLICITY Which SAYS ThaT 
A Nevirow- ProTON INTERACTION IS déscribAbLée by The INTER- 
Actions OF A PROTON - ProTON of fA NEUTTON- NEUTTON. ThaT )S, 
The InteraAcnon force JUST becomes A tuscnon oF distance, 


Now obviously, SYCh FIN EQUAL MASS ASSUMPTION LefDs T? 
Some TALLACIOUS PhYsICAL TESULTS becpuse WE ALL KNdw THAT 
A POOTON YTEPELS AWOTHEr proTON Mhes The TWO ARE Blovch 
CLO9G TOGETHEr. ALTEYWATELY The NEVTYOINS HDewe Névrrdl do 
MOT ExPerience The ELecTTICAL TEPULSION JoRcCE, Theretore IN 
A PROTON’ NESTTON INTEFACTION There ATE Terms INVOLVING The 
NéuvcteAr Prd ELectTricht Forces, For A proton Awd NEUTYON 
Tre slLicghT MASS ditterauriar LeAdS Te The ELecTMICAL dissmmit Ant? 
White The NUCLEAR forces ARE IdeWTICAL foeR Boh pARNcles. 
The evecnmicAl force iMvOLved heve is A FACTOR Of 137 TIMES 
SMALLER THAN The nucle forces $0 we Are IGNOrING A 
Fancnom of & PpercesT correcTION TO The NucLeAR Forces. Quan 
ELECTRODYNAMICS LET'S US Appropri ATE CALCOLATE ALL The correction 
torces . 


WhAT we WANT To CONSIdER Then 1S The STYONG INTERACTIONS, 
\.é., Those INTETACTIONS Which iGrwore The ereciricAl forces. BY 
DOING ThAT The P-P, P-N find NM-M ARE ALL ONE IN The SAME 
fAWd CAM be EASILY STWdied SINCE The dynamic forces invawéed 
ARE AlL Tre SAME. To Simplify Thimes Let's CALL A New 
PARTICLE The NUCLEON. The nucleon CAN VE IN ONE Of TWO 
STATES : €iTWEeR IT CAW be A NEVTROM OR IT CAX bE A PROTON. 
SomMeNMES WE WOW'T KNOW WheTher we Are deALING WITh A 


15@ 


PROTON OR A NEUTRON DdDeEcAVSE The MATHEMATICS blinds VS: 


To check frrd sce WhAT WE have pavsIcAllLY we CAN Turn 
ON SOME EvEecTTICITY. 


BY mAKine The Above ASSUMpnoNS The Theory of 2 STATE 
S¥sTems LETS US woRmk our The AMplitdde TO CrehTEe NEUCLEONS, 
‘ 
N by COMDUTING Ci IND + CaIP>. 


Lét's coNSIDER AN ObVECT MAdE Up of 2 NUCLEONS LIKE 
A devuTron. Since The proton And Nevtron LEAD TO deGeneraATE 
STATES WhaT Kinds of SMT CAN we MAKES Ir TWens oT THAT 
we Cin MAKE Tne FOLLOWING STATES, 

INz IND | 4 (IN>IP>+1P>IN>), + (IND IP> -1P>iN>) IP >1P> 

The IPyIPy STATE TUENS O9T NOT TO be A bound STATE; However, 
iT does have A SCATTERING RESONANCE JUST Above The O 
bindInG@ condiNON. The sfme hords TRYG For The INF IN? 
ANd INDIP> +1 P>IND> STATES ; They Are NOT bound. The IN7IP? -IP FIND 
STATE 1S A boUNG STATE ANd NEVER ChAWGCSO. a 


To ItlusTrTATE The Above There Are Three €L ements , 
Beryeuivm 19 , Boren 10 ANd CARBON 19) Which HAVEe The 
FOLLOWING STATE ISeserjpnron 

od id 


Be. B ¢ 
bN 4P 5N SP bP aN 


If we SObTYACT A NvocLEAR batt of YN find 4P we ceT 
A’ STATE corresPoNndiInGe To 


IN? IN> IN? IP > IP>IP> 


ThiS MANIPOULAMON IW JOST LiKe what we did jor The €LECTTON 
wih Two SPINS Ite > ANA I- Yeo. We found The tollowimne 
STATES POSSI bLE 


Itt> tir , tb (ithsthy 4 n,*2y) re CVE Ee - i-taeto) 
\- tu - Yes 


The MATH 1S The SAME FOR BOTH Probréems So The SUL Group 
CAM be APPLICA. 
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30 PION- NUCLEON SCATTERING 


I'd LIKE TO WORK DUT A PROBLEM IN The ATEA OF STRONG INTERACTIONS 


WHICH Shovid Givé You A bETIER GUT teelL foR how TO MANIPULATE 
This SU2 stuff Let's 


TAKE The CASE of A Pe MESON SCATTERING 
ofr oF A NUCLEON. 


The Pi Meson CAN bE IN one of Three sTATES: Tt, 2°, or 


T . THE NUCLEON 1S IM TwO POSSIBLE STATES: PORN. LE, 


ITS fA ProTON Or A NEUTRON. IN ORDER TO Keep our SENSES Throuck 


The Problem wEtl CoNSIdER ConsidER The PROTON JO be 
CONTINUOUSLY POLARITED Tthrovch The scATTERING Process; 


Thus we dow'T hAvVE To worry AbouT SPIN FLIP. Some ot 
The cASE POSSIbLE ARE 


case L tT +P —> wT" +P 
cASE 2 Te P —> w+t+P 
OR 
fe a” aN 
CASE 3 7* +N > Tr+tn 
OR ® 
> tT +P 
CASE 4 tT tN =< f° #N 


There ISN'T A TEACTION ShowN FOR The T° PARTICLE BECAUSE 
IT DISINTEGrATES nbouT 10° times AS FAST AS‘ The T” And tt, 
For EACH of The AboOVE cASES There 


1S A ditfherewT fm puitude 
for INTELFACTON. IN TOTAL There Are 


10 POSSIbLE AMpLITUdEs FoR 
SCATTERING, Bur bechuSe OF The MArVELOLUS SYMMETRY Which nuclepr Forces 
gefec Exhibits we fire AbLE TO REevUCeE The NUMbER ot INdepend- 

ENT AMPLITUDES POWN TO & JVST 2. LET'S SEE howiT 
hAPPENS. 


THE ProPeERTY OF STYONG NUCLER forces which peropuces The 


VNdERSTOOD. WE WILL, how ewer, 


ISOTOPIC SPIN SPMMETRY. BECAUSE The 
NUCLEON EXISTS IN ONG OF TWO POSSIbDLE 


MPYvEeLOUS STMMETRY 0S NOT 
REFER vo i AS 


STATES IT IS EASIER 
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FOR Tne mind To ThiInK IN TERMS’ OF THE Two STATE 

SYSTEM of AN obveEcT of SPIW 2 Ip AR ®B Three dimensional 
SPACE. This TAKS SPACE The PhysicisTS CALL !SOTOPIC SPIN 
space. iT is JuST A TYICK The? PULL TO SIMPLIFY Their 

work becavse The Problem of STTONG INTE ACTION 

Revouces To OWE OF MANIPULANNG A Sur Group: Simce 
ALL The scAITERING AMPLITUDE COctTticienTs have beEW TAbuLATED 
Tor The AneviAr MomMentm Ari frlLow | The phyYSicisT& CAN GO 

To A BOOK fd” LOOK up his PySweR. ITS SNEAKY WHAT TheorericAL 
PhysicisT do boT The INCREdIKLE ThinGw IS ITS WORKS 

AS TAR AS WE KNow. Even Thouoeh We Don'T uNdeRSTAWd The 
dynAmicAL LAWS GovERNING The watre OF The Two IWdepeddenT 
SCAITET ING AMPLITUDES | We cAw deduce AR LOT pecAuse ot 

This & AMAEING SYMMETRY L Aw. 


BY CONSTRUCTING This ISOTOPIC SPIN SPACE WE ARE Able 
To CLASSIFY The NUCLEON AS AN ObvECT WITH ISOTOPIC 
SPIN ‘YQ While The PE MESON IS) AN ObJECT WITH ISOTOPIC 
SPIN |. To woRK 008T The Pmputudes SoR combinine The 
VATIOUS CASES EFCNUMETATECI Ahove we will be Guined 
bY The CONSErVATION FrULE of PRESERVING The s9sTEem's 
\SOTOPIC SPIN SYMMETYY. This IS ANALOGOUS To BR CONSERVING 
ANcuUL ArT MOMENTUM. 


THE PRObLEM IS NOW REDVCED To A 2 ObyEecT SYSTEM 
The PION, 7, Awd The NUCLEON TL, with isotopic Spin Le! 
And DL=AR resPechvety. The TOTPL SYSTEM Witt hAVE 
AN ISoTOPIC SPIN OF T= 7/2 oR TL 2. FoR the sme 
T=% There Are 4 possible SUbSTATES OF The SysTEM; They 
ARE ANALOGOUS TO Those on PAGE 137: 


SMItl > ltye> 
Py3|0> +> + {i (ti? | -h> 
V3 1o>b-"> + fz i- I> 1 th> 


Be | -'>1- %2> 


1SS 


FoR THE STATE OF TOTAL ISOTOPIC SPIN ‘Iz There ARE 
TWO POSSIbLE STATES , AGAIN ANALOGOUS TO PAGE 137: 


{% lovit%> - Py lri> i-k> 
[%73 l0> Im’ > «- Tas 1-19 14%2> 


WE Sé— ThAT For [=32 ‘hthere exist A QofYTET And BPovbLleET 
STATE DescripNON OF The PION And NUCLEON, SINCE The PION 


hAS 3 POSSibLE STATES 77, [°, 7 Awd The NUCLEON ,N, 


hAS U Possible STATES “P (thr) ANd NCH V2) We ch Rewrile 


Tre doubteT fiNd QuATTET IN A More simPLINED NOTATION: 


ae aes — (TP) 
[z=% , Hs > a> 143 (n°P) + [3 CN) 
[tose Tyee > ee WN) + fiver ®) 
LE. , Tyee > —> (1,N) 
it 


NV 


Me, tT, sthe> — 


\ 


P= Ye, Tyee ee Ty cee - OP 


In Order TO VSE This CRAEY STUFF To Work ovT ScATTERING 


AMPLITVdES for DIFFERENT REACTIONS IT WOUtd be wise TO 


TUYNG SEeverAL OF The Above represeNTATONS AROUNd. SoLvING 
for CTi°UN) ANd (17P) From Cand f we have MAT 


(nn) > Pa Pari-i> + fig l*er1-'e> 
(wp) = +Mgltadive> ~ Ys It'eyl- /e7 


SOLVING JoR (1°P) ANd CITT,N) 4vom bande we hAve THAT 


(7? Pp) = Ms Qrrith> +5 ithe lrth> 

Cie) = Wig )Paytliay - Ts Irie? Irie 
Final? from G& And d we have The Two Pure STATE 

Ca" FP) = Tes 29> 

iv a) = lhe ee 
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Mis (1°.P) — Ps CN) 


(Q) 
Cb) 
¢) 
(d) 


¢) 
4) 


(S) 


Ch) 


a) 


(4) 


We Now HAVE The MACHINERY wé& NEED TO CALCULATE 
The vATIOVUS SCATTERING AMPLITUDES. The rut& oF The cfmeE 15 
To cONSErve The TOTAL ISOTOPIC SPIN oF The sySTEM. If T2372 
INmMALLY, LD must eQuar ¥2 AITE* The ScaTTERIne. The Sfime 
is True iF Lt InMALLY WE wilt detin& The AMPLITUDE 
To ScCATWER iF T2592 GAs ANd The AmPiiTydEe Te ScATTER IF 
T= 2 witt be Dewoten bY A,. The ExacT €9 VATIONS DeTEr- 
MINING G3 fd GQ, fire The mysteries oF NATUCE Which we 
Dow'T Understand. BYT with Qs find AG, we cAN ExPRESS 


ALL The OTher PossibtG INTETACTIONS AS LINEAR COMb)wATIOWS 
oS These TWO & AMPLITUDES. 


THE AMPLITUDE 3 IS The descr i pTNONn of The OCATT ERIN & 
TG +P =o ot +P 


That 1s, The fmplitvde To sTART wiTh A Pure STATE ot Te*hr 
AMd End YP IN The SAME STATE IS JVST Qs. 


LeT'S SE€t WhAT The AMPLITUDE FOR The foLLOwING 
TEACNON TO occur, 


ay op se "a i 
This 1S MORE COMPLICATED SO LET'S BM WRITE IT OVT: 


The AMPLITUDE To STATT with 7 find p fd SchITER INTO T°? AWda N 
1S The SUM of Two TERMS Where The tirST TERM ESTHDLIS hes 
The fmputvde Thar (11, P) IS IN The L27/t with Tq? -"Y2 (4+ 173) 
tin trom £Q. hh times G3 Which is The Amplitude TO 
SCATTER IF IT IS IN D232 STATE times Tre ftmprutode Toa be 
A (n?,N) IF D232 , 272 = «fey; fromeg. The second 
Am PLiITude IS The product ot 3 SIMILAR TERMS + 4JorsT The 
AmpLitud&® That (7 P) IS im The STATE TP'h (-F/ trom hh) 
timés The fimPlitdde To Schtter LPF D=¥2 = GQ, times The 
AmMPLITUde TO be a (7?N) WH Dee CC PR fom £). Tether 
The ScATIERING AMPpLitTudes LOOKS LIKE 


{¥°+ a3. | 2/3 ~ J*/3°Qi° (3 - = C3 - Gs) 
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As AR Se€conpn EXAMPLE Tire 


SCATTERING AMPLITUDE Fe 
DESCYIbING THE FOLLOWING TreAcMON 15 
(hy Pe —— €a7-, PF) 
fr PLITUD € 


- 
_ 


1% °%- Ts © Cis) ar ¢- ) = (4g+ 2a) 
EQ.h = Ay 


* EQ.C, EQh -41° CEQ.F) 

= Amp be ww The 132, -Y2> ° Amp troscamer WS E23/2 © Aap To 
ScATTEr from I3i2  -%e> into (N-P) 
To he 


+ fimplitude 
IN The 


ba -> smTre + Amp tT scfTer AS Te'h* 
Amp, TO scAiter trom ln, “4%? were C1; Ps. 

IN The world OF TheorencAhlL Physicge 

The 


IT IS COMMON TO TEN AME 
Above fAmpiutude IN The torlowine wh? 


Amprivde Reaction 
Te, = Gs iP pre 
F- = Ys(a3+%a,) NP > np 
Tex = Ty, Cay -a,) 1° P — WON 
Where S exch anee = _ = i . This 1S ONLY FOR CONVENIENCE 
TO REWVITE The Amptitudés 1% IN Tnis FORM. 
The other Three SscATTERING Amplitudes Are fouNd IN 
R Simivfr WAY To The Above Amputdes 
TT-N — TN = Ar 
Tu = T*7N = ~~ 48 (a3 +244) 
TtN —> 1°P . 


Py, Ca3 -G,) 
ONCE YOU GET The HANG of be 17 CALCOLATMNG The vARei0US 
fmMPLpTUdEes IS 


EASP SINCE WE hftve ALRGDY WORKED 
Them out. ThE Theory of The SU2 GrouP IS 


ONE oF The 
GUIDING PRINCIPALS OF STRONG INTERACTIONS, IT 1s very 
WOrmMWHILE ceMING TiMilLiAR with IT. 
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SU3 GROUP 


THE ADVANTAGE OF WORKING WITH The S¥2 Group IM The 
PréviouS CASE OF STYONGLY INTETACTING PARTICLES WHS The 
VERY cLose AWALOG That we found with ANGULAL MOMENTUM, 
Im effecT our WORK WAS PONE ONCE WE hd DRAWN The 
ANALOGY. There Ave Other PARTICLE WHIcCh INTERACT STRONGLY 
for Which we fire NOT SO ForMNATE IN bese ABLE TO CONTINUE 
ON WITh The S00 ANALOGY, IN ITS PLACE The New parncres 
JoRM higher order mMuLTipLeTS LIKE OCTETS Prd Decimets. 
BECAUSE The SV3 GrovrP IS rEeducibre Down TO 8 INd ependenT 
PATAMGFERS The Group fEPCFESENTATION ConcerpT 1S APPLIED To 
Thes€ other PArmcLeS. THINGS TEND TO E GET VERY CONTUSING 
very @ FAST bechuSE There 1S A LOTR ot Pidd LING Around TO 
work OvuT frtL The coetficienTs. In ESSENSE WhAT WE Would 
Like TO Do 18 TO EXTEWd Our IDEA OF The PION- NUCLEON 
INTERACTIONS TO New PATTICLE REACTIONS LIKE The K-MGSONS, 
The LtAmbdA PARTICLES, SIGMA ANd OMEGA PARTICLES, ETC. A very 
CYAPWICAL YEPreseNTANON oF The fAaniLy of mELEMENTHRY 
PARTICLES Is Shown ow The NéexT PAGE. This DIAGriK 
ApPPeArEd IN The June 1968 ISSUE OF FORTUNE MAGAZINE. The 
Occurvence OF The ocreT find REC MET GroupINGs AS ENCLOSED 
BY Tre BLACK LINE have LED To A FormuLlATon ot The 
SP MMETTY CLAWS GCOVEYNING Membership Ww GAch Group. The 
DiPerfm iN ETtECT I$ ANALOGOUS TH The Mewdelrevyev THbLE 
of The ATOMIC ELEMENTS. Thus i$ IS POSSIbLE TO CONSTYUCT 
These mutriprerS ANd t& Tere ARE ANY HISSING PMTICLEs 
1S FPOSSiIbLE PREDICT ITS EXISTENCE IN Add ITON A PRoioR, 
EsTAbuish is 1SOTOPIC Spin, Chfitee, MASS, ANd STRANGENSSS. 
One SUCh PATTICLE PréedicTED This WAY WAS The Q minus, 

The heaviesT Member oF The decimer Group. ONE ChuTIONING 
NOTE ALL The important PhTAMETERS ExcepT FoR The ANGULAR 
MOMENTUM hAve been verihed Ex Perr MENTALLY FOR The DW. 
If iT Terns ovT To bE d)jtHerent trom The vArve [27% 
EXPECTED, MAN WILL GET The Fickle heer oF tare 
Awd trom God. 
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® ® 
e,° @,°® 
ANTIMATTER MAE _ —_—_—> 


ANTIBARYONS | MESONS | BARYONS 


Strangeness Strangeness 


) 
e %° ee 
@ €8O eee 9 
@0 e ee ee ) Qe 
eee eee 
@O (ote) 
eco 8=—_ ose ese = ee 
ee 3 3 ae 
eee efe ee e@ ose G68 
Antiomega bed ° a 
tlameg' eee $ 6.9 @@ ee @,° dtd : 3/2 + decouplet 


1/2 + octet 


Antidelta 


Antineutros proton ® @ 


Anti on 


ANTILEPTONS 


Antimuon 


| 2 : 
L zi _ & Electron 


ss, 


Increasing mass $$$ 


Positron € 


0 mass 


me! 


PARTICLES: @ Stable @Unstable © Predicted DECAY: Strong es Weak [mea Electromagnetic Se Pair annihilation 
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120 FORTUNE june 1, 1968 Diagram by Max Gschwind 


WhaT we hope TO bE AbLE TO DO With The SUB CrouP 
IN UNdEersTAND ING The GUIDING PRINCIPLES bethind The fpparenT 
PerfecT SY MMetYY oF These PATTICLES 1S To REPRESENT IN The 
fewest Number of CONSTANTS POSSIbLE ALL The muLNT de 
oF INTERACTIONS. So sae, howewer, The SUS Group IS NOT 
The PéerfecT MAChINETY The SUZ GrouP !S. The DISPARITIES 
IN MASS OF The INTEFACTING PATTICLES DISTVURbS The IWherenT 
SimmeTvrY TEPFESENTED bY The SUQ GrouP. AT beEesT The 
SU3 Grovp fAlLlows US TO MAKE PrERICTIONS Whith mMichT 
be in Error bY AS MUCh AS 30%, BY ASSYNING THAT The 
Su3 GrouP 1S Wdeéd PerfecT we CAN GeT A Semi -QuaLITATIVE 
AppreciAtiow tor fA PARTICULAR REACTION he, if ITS WEAK 
Wwe ONLY GET IM The bALL PARK; or If ITS Pr Die FES INTEFAcTION, 
We will KNOW ThaAT., We fre IN Sort oF A SOUP bEcAUSE 
we cAN'T TELL hOW Good The Theory 18. 


The iden oF The SUX GrovP 1S TO START With 
A SYSTEM WiTR 3 POSSIBLE STATES, SAY IA>, IBZ, Awd 
IC7 WHICH MIGhT correspond TO STTANGENESS O =I, 
ANd -%. WE CAN pettorm A TrAnStorM ON These STATES 
bY THIKING The COMPLEX COomdocHTEe of The MATYIX ELEMENT, 8, 
We chw ComsTrucT The STATES 1A 7, 17, AND ICD. PhysicALly 
ITS LIKE CONSIderNe@® Whe Awrmepdriiclés. There fre NINE 
POSSIDLE STATES OF The PATTICLE -ANTIPATTICLE EWSEMbLG 
Considered. There 1S A SINGLET repreSaeVTATION Which Cemmns 
INVARIANT YUNAET POTATION; iT 1S The STATE 

fe (1A> 1a > + (BX1IB> rIG>IC> ) 


The other El1oht POSSI biLITIES CAN be LTEPFESSNTED DIAGCTANMATICALLY 


AS isSrorie rN Re CA STRAN Cen E55 
eo eae ae 
BA #@A-ge) AB 
1°) 
O Te (AA+BB-2) 
tes ete, cB | 
pr Oo ra a SHARGE 


| 


THE FORM oF The OCTET JOST TO/AGRAM 1s EXEMPLIED 


ocTET OF PARTICLES ON The DiAGYAM of PAGE , 
[SOTOPIC SPIN STY ANG NESS 


V5 w. 4 


bY Tne 


— 


ne Sa ek | ; 
rN : 


The Dettmer 1s A LITTLE MORE COMPLICATED; The eXAmPLE 
= ie 3 
BEING S64 Mev =% 
= = V 
—— 1S28 mev = mre 
+ o = 
Bid ist a 1382 Mey i.) 
+ jt pe - 
A A A 2S 1 23o mev ‘ 
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3). MORE ON THE Su3 STUS- ANd QUARKS 


LAST TiIMe WE Were discCUSSING how The SU Group cAw be 


used To describe The APPATENT S¥MmEeTriEs AWd PMITENS ExisTING 
peTween The vitriovs ELEmENTATY PARTICLES, IN STUdYING The wature 
of The 343 Group IT Is CONVENIENT To LAbel The STATES IN # New 
WAX bY ThinKING IN TERMS of “QuARKS” A Quark IS AN mAGmMATY 
obvectT cONJured UP TO MAKE This STUSt efsicR for The huMAN Mind 


To UNdersTfwd. QufrKs do nNoT ExiST } Or | beter Sf They haven'T 
been fomnd YET. 


There Are Some PhyYsicisTS Who hAve CONVINCEd Tne GoveawmMeane 


THAT iT 1S 1N Tne INTeresT of The GomernmentF A Scicuce That They 
be crantTed ThousAwds of DolLLATS TO Go honT tor Quarks IN The 

GoddamnasT PLACES. - IT coutdn'’T be IN ANCE hrawdyY Place LIKE 
The La brea Thre PITS, Fe NO, They have To Go GET A TON of crap 
out of The deepest PALIAC Trench, hful IT BACK To A LAborATory. 


ELECTVOLYZE The het out of iT for 10 YEATS, Go DUT WITh Their 


Gwtfriewd, AYd VLTIMATELY Procifim There fAréew'T ANY QUARKS 


Around. This 1S WhaT | PAY TAXES foR! So much tor The Edytoriquizineg 


The QuAYKS fre described TO WAVE fm FSOBBPIC SPIN ‘V2 A 
charge of 3 And fre Capable of haveNG Three diSTINCTS 
QUALITIES Or ChArACTETS CALL Them A,B, find C. some peopie 
ConiTEnd ThAT Tne Taree QUATKS can be Bound TOGCEThHEer Somehow. 
SotAc we CAn'T EXPLAIN bt by ANY KNOWN DYNAMKAL LAWS how 


Such PATNCLES WOULd be bound Swwce The resT MASS IS GrenTer 
Tnfw 4 Rev. 


Lets’ see how The QuARKERIANS PLAY Their GAME. SY ppose 
we hAave The Quarks ExISNNG IN The fOLLOWING STATES ! 


go Y2-% Tez 
IN * 3B’ Y _ +43 [T? Ua 


The SuperscripTS denoTé The Chivge mMumberR; Y = The hy perowtre Charce 
Which iy The sirfAwcenas + The barrio ChATGE., 


les 


FRoMW THESE STATES WE cAN ASSEmMbLE The tollowine ser 
of 4 stares for Tne case Y21 ANd Lex 


= | fe) +1 FZ ELEcTTIC Charee 
(AAK) CAAB) (ABB) (BBB) 
The NOTATION here A IS A ShorTnAnd for A More EXPLICIT TEPFRESEWTATION 
(AAB) =  ( [AZ 1A>1IB> + IAZIBD>IA> + IB>IAD IAD) 
3 
The other smreées fire ANALOGOUS, These Then frre The 4 STATES 
Sor q> tl or STYANGENwEss 70. They Ave more comMONLY CALLEd 


A Bhryons: Ay, A*, At Att = Ts we Nored LAST Time buT 
4 
didn't Ex pLAIN Where wE GOT The PATTICLES From, 


\f WE NOw brinG® IN The C particle , we £AN torm The 
TiPLET STATES for YO And Te=l. 


—i o +\ Charoe 
CAA CAB CBB ' 
(NX) Cr. Sd Y -Parnicles” 
The NexT STATE ig A DovpLey srATE TOR Y2-1 , D2 Ye 5it 5 
- e) 
CCA ccs 
—*- —*o 


a —_— 


Find The SiNcLeT 1S forméd tor Y>-2%, [=0; 
Cc¢ , = 


This iS The crept deCineT. EACH STATE DIffers by AbovT 
Ae Wev from The NExT. IT IS Theorited ThAaT The C QufrK 
Carries ALL The MASS 4c. Ma 2>Mgz0. VW we pursve Mis 
Iipea further find CEcALL That WE detined The QufvykK TO hfivé 
SPIN Yu And i+ The STATES ATE SYMMETTICAL \Then IT MUST be 
Truc Thar tor 3 PArTICLE WITh SPIM ‘2 The TOTAL SPIN MuSsT be 2/2 
Awd inded iT ChecKS That J = 3/2, IT's Kind of cute So Thr. 


We haven'T WHITTON ALL The possibLe STATES YET 
because Or SYMMEMICAL QuATKS m we MUST INCLUde STATES 
with difterenT & Spin componewts, ht., bike Ay(AyA,y) 


where The Sup ScripTs dewore Spin “up's This second 
SET US tor The CASE ot TOTAL SPIN Y2, Wd, 3 Ya. 
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As ANother ShorT h fwd 
ST¥WWdS for A STATE 
buT TWAT iT IS 


MOTATION LeT ME wRITGE A LAB]. This 
IN Which The TOTAL SYMMeETrY Is Preserved 


ANTI -SYMMEeqTIC IN QUALITY find SPIN. lit MCh 
by The NoTANON The foLLow ING 


ALABQ = A+CA+R-) ~ArCA-Br) t Ae(R-Ar) — Ar (BrA-) 


IN Tnis New SET The Two 


SYMmMemicaL sTATES ARA Awd 
CCC fre NOT permitred. 


we ThEN have The folLowING OCTET, 


A CARY] BLABY Ke %u Yo 
N EUTTON PCoTON 
AtCAl ALCCBI+ BCCAI &BULCBI = | Y=0 
pa =* e* 
Atcel - BCC,A] LT =:0 
x 
C Ut ana cte Bi tT =o 


— — 


Ts 1S chtted The NYCLOON OCTET 
TIME. There Are 8 STATES wiTh TWA PASSIDLE SPINS SO WE 
have A TOTAL OF 16 Possibte STATES ALTRGETer. For The 
case J>3h And The 10 STATE SYSTEM There were 4 Possible 
SPINS jor J=3/2 SO TWAT There Were 40 Possible STATES. 

The TOTAL sTATES Then tS) 167490256. This 1S whaTwe 
would €xpecT For A Thine whlch WAS & POSSIbLE|E 


PETMUTATIONS Cie, 3B QUALITIES Wd VSPINS) : 6°73 /e = Se, 


Wis 1S The Game PhYSICISTS PLAY TO describe The simMmetry 
They SEG IN The pfrTicles. The Theor? 1s MOT PertecT And one of 


Anda we WYroTe IT doWN LAST 


ITS WerRK POINTS 1S IN ATTMibUTING The LL Quark Mass TO The G 
QuAviTy PATTICLE. TWs is NOT Trve becfAuse iT Does NOT hotd 

for deb ENECATE STATES. THe QU~ATK IdGA doesn'T WOrK WELL for 

Sor hicher Anevlir momMenTUM. Addine more QuATKS bos Not 

work , Wowever, we cA SidesTeP The pitficurTies IT we ASS uMe THAT 

2. Quarks Po IN ‘ACT SPIN Around cAChOTWer hire And hive 
Therefore OrbiTAL ANGuULAY MOMENTUM, The SYSTEM MOLON(- ER 

SMS IM Thee S-STATE. This idem MAKES The QUAKE ANS happy 
bur f§ Ye7 we CAN'T éxplhn why Two Qvfirks would SNCK ToocTher. 


Now YOu KNOW ALL There IS TO KNOW AdbouT GQ UATKS - THATS 


iT ! 
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32. SOLVING THE DIRAC EQUATION FORTHE HYDROGEN ATOM — Ref: Feynman 


QUANTUM &LECTO- 
DYNANICS by 


BawAmin. 
WE Shoutd MOvE ON with The course ANd The vextT Thine | sia 


WANT TO Do 1S WORK dT The SOLUTIONS TO The DIRAC EQUATION FoR 
The HYDFoGEN OF HYDROGEN -LIKE ATOMS. | HAVE Prepared This 
Lecture Three TWMES ftWd 60ST HY NOTES EACK TIME SOLET ME sce 
how far | CAM Go by femMemboriNG WhaT | did. 


You MighT RECALL IN LECTURE 16 Which STAVTS ON PAGE 
73 we developed The dCRAC EQUATION bY WorKING up trom 
The schrodincéer CQuATION. On PAGE 77 we frnacry Arrived AT 
The DiRACGC EQUANON Which we Will VSE HERE, | Should Also 
PommT OuT The propernes of The co ANd WY Matrices which 
wé iNtroduced ThEN, The Dir AC EQUATION CAN bE EXPRESSEd IN 
The COmMpACT form, 


Mu (i Vu - e An) p = my 
THIS 1S THE 4-VECTOR TORM OF ThE EQUATION. HERE Vu = %, Yax, 
Yay And Ya3 5 Anz Aor V, Ax, Ay, And Ag ; ANd Ver Ue, Cx, Ty Vy. 
If we write This EQuANON ovT IN MOCE deTAMIL wé hAvEe THAT 


j2s 3 - 2 > ™ 
% ¢ v st ev) Tx, 43 ( Bas = Axy.3 yy y 


The Problem we AYE GOING TU SOLVE IS A SPECIFIC CASE 
for The hydrocen Like ATOMS. WE Are GOING To idenrite The 
Problem bY ASSUMING The MUCLEVS TO be ImfineTLY MASSIVE 
ANd furTher That The NUCLEUS DOES MOT have ANY INTTINSIC. 
Laver we witt Awd Thar NucteAy Spin fAccouNnT tor The hyper- 
fine structure of The hydrogen spectrum. Thus we fire interested 
iM Twe SpeciAL CASE where 

Ax,y,% = 0 Awd Vz ez 
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The COuLOMb PoTENTAL YSED here HAS furTher ASSUMEd No 
SeLf-AcTIon of The eELecTTON + Such AN ASSUMpNON \GMOreS The 
Lamb ShifT correcmON which QofpsWm ClecTrodyNAMICS PredicTs, 
Let's write out whAT we hrve so far C I'm reminden of SOMETHING 
Prof. wheeler said TO When | wAS WOKING OUT A PYObBLEM, he SAID, 


‘vince steps for Lice feeT>” ) , So LeT's TAKE Time STEPS, 


Mehta? SE TT TS DE aE aE py 
1Ge 


Betore we co on from here We bEITER uNndersrand 
WhAT The EQUATION MEANS. FitsT we WONT TO FecALL WhAT 
The W'A ATE, Recate PACE 77 fwd 


tee (HE) Yaya (2) 


EXPANdEd OvT we hve ThaT 
a2 oo 
oMe) 
mee es ; <x? 


Oo | 

ae) 

sh 16 © 

00 o-! oo 


O09 o-c 
¥ = 9020 x, - 
-| Oo if d (32 3f).x 


Sone of The proPerniés which The b'A obey Arve The Followine 
Lu : 
We 21 ; Cx = vy — v5 s-| F Ve Tay3 + 7x,4,3 Ve =O 
Tx Vy tr Ty Uy 20 ; Tr ¥z + Vy =O ; ty ty By Heo 


ALSO iN : ee ie ial ‘ Tx ¥y % ¥% > te \) 


Now ALL These 4X4 mMATrices OPETATE ON 4 COMpPOMENT doodLEdfc 
yw Which CAN be rewritTlEN AS (yv) where U And V Are 

ZL componewT doodle DACS, NoTice From The form of ¥'S THAT 
The presence of The UXt O mammices IW The Upper LEFT fd 
Lower ri@hT Ports OF The 4x4 Impuy THAT Theft (Y) will nor 
become Mixed. IN ordér words The Dir AC EQUATION bdisGuisEes 
Fe ACTUALLY 2% EQvuaATIONS. 


WE Are oJT To find The ENETGY LEVELS of The ATOM So 
We Are LOOKING for A SOLUTION which has The form, 
Win %.2,t) = Powy,2) eo 
Then SINCE i9 B= EW we cAN wriTe 
at 


(E- ec) ( + (682 Tavg) ( Pega) - mV W=0 


HEre iMultiPlicd Tarouch by &e fd USed The dag Tar Ue" =]. 
SINCE WE Know WhAT %& Tuy, t 18 trom fibove we hve THAT, 


Oo0190 
00 0-1 
-l19 od 


Ori 3) 


(E-BY(Y) + (2S). 6 HCY) - m(U4Z)(4) 20 


WE CAN WHITE THIS EQUATION ovuT TO GET The 2 EQvATIONS: 
( Erm - 2s*)u + élo'vV)V = 
( Erm -éct)y ec (e°-V)u =0 
re 


if we Cedefine U pwd Vo we cAn Get tid oF The 2" E., LeT UP U 
Aid v—> tv’ Then we find we hAVE ACTALLY 4 difterewnar EQuaATIONS 
Jo Solve (E-m- @#p)u - (e-V)u' =0 
CErm -**%)v' + Co-WU =0 
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Guessine The SOLUTIONS TO The DIFRAC EQUATION. 


So Now we have 4 fen EQUATIONS Which we HAVE TO SoLvVE. Things 
ARE GETTING COMPLICATED. WE CAN Proceed ZWAYS trom here twe 
CAN Go frhend fiNd Sorveé The EQuATIONS by The brote force Technique 
of APPLTENG The Tigors of MATHEMATICS of WE CAN Pursue A More 
INTELLECTUALLY STIMULATING PATH bY APPLYING Our PoweRS ot TéehSon 
To GvESS The form of The ANouLAY dependence Which The SorunoNns 
WiLL THKE. ONCE WE GUESS AT A SdLUTION We CAN SEE howiT 
workS Oul. For Ths PresesTANON we'll TYY Tne LATTGR PATH 
find subsnteTe YAK-YAK for Yicor fwd See WhAT hapPens, 


Where do we beoin? WeEtL LeTS TAKE A Que trom The 
WAY WE SOLVEd The SchvodinGé&r EQUATION, WE KNOW Already TnAT 
AN ObsEcT WAVING A % - ANculfte MoamMenTUM decribed by X 
CAN hive AN ANGULAT disSTribunoN ChfhvacTenitedyY bY The 
fuNcTION éf 

sn’ 6 € 9 


MULMPLYING Tis by A rAdiAL foncTNON ne wé hftve ALIcAdy 
A LOGICAL TYIAL SOLUTION ; 
chp 


0¢4,90)- rr nntae 
WE CAN SimputyY The MAThemANCAL Form ot The SOLUTION by 


wrinn . : 
Sea (LAME ath" 2 (x reg)’ 
where we vSed The WcT Wa?, 
X= NAM CoP And 4 = AAW e anf 


It 1S hWfwdyY To KNOW The NEXT SoruNON IN The Serres IF 

Ais Tae hichesT 2-compowentT ANGULAY MomenTuM, Then tor 
m=A-l we have A sorvTI0N of The form Z Cx cg yt, 

So Htrr we hfvew'T SAID ANY THING Awe AbouT soluTONws 

To difterenNAL EQUATIONS: WE WAVE OMLY dISCUSSEd The ProPErnes 
of ANGULAY MOMENTVM. We KNow TWAT dbecavse The CLECTYON<S) 
Are im A CewirAL PoTEWTIAL Thar The Exist IN A STATE OT 
definiTE ANGULAGF MOMENTUM — CALL IT 4. We Are LookKine 

For A B-compowenT of 4 which 18 m4 = fe, TWhT 1S, The 
ELECTTON WILL be IN Two sTATES of SPIN, GiITher Br UpordowN. 
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Our Problem IS To UNdersrmnd The behfvion of The wave Supctions. 
The orbirAtL ANGULAR monentum JA cAn be 4* ‘le depewdine 
ON The ELECTTON SPIN. IT Is A LITTLE MOre Con VeNienr To redetwe 
gtie IN Terms of Rw such THAT 
Rr q- i And Ati = grin 


te As tease Gad f-1 =k. 


Mow Ge We Chnh Write down The fJorm of U tnd V 
fid They Are, wiTh ex praAnfmon 


Electron 15 +25 ‘ he 

U = OrbiT ANG. MoM. m= (x rey ) leary 3 i 2 bir | 
E N = 
hata aghire a Me Cxrey yr Cc) 


Vihas fh EQuIVALE~T form with aittevewT radial wwcNoNs,te., 
ixtey)® WA(ry + 2 Bcr)] 


( a ie Cm] 


These fre The MATHEMATICAL Sor MS Which we wwTed To 
deduce. As you sce IT IS A GYERT ShorT CUT To Wworkine 
our The ditterennAl EQUATOMS. Bur wete NOT done vet. 


Ve 
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33. SOWING THE DIRAC EQUATION tom ThE HYBROGGY ATOM 


Lass TIME We STArTEd TO SOLVE The DirAc CQuANON 
Yu C eVu - ©An) YP = my 
For The hyprecew of hyDrocem LIKE ATOM, WE Find Thar 
The Problem WAS TEALLY reducible Tae Two EQquAnons otf 
The toLiowine horn, 


CE-V-m)u = l(e-7) 
CE-Vtmv =-(o-7) 
Where WE USED The SYbSTITUTION (4, ) For Vy find uSéd 
The POTEWNAL V AS A STTAIChKT COOLOMb POTENTIAL | )-é, 
= —Ze* 
ri 
We sShaAtr dehwe for Convemence SAKE The param ETER Pf 
which sTANdS tor Ee” bechuse | dow'T WANT To Keep 
WYITING IT ALL The TNME., 


Now by Some HockUs -POCKUS find SAST TALKIN’ | 
derived The fuwcrowAl form of UU ANd V Which Are 
Them setves TWO COMPONENT ThinGoS. BY MANIC Then for 


A STATE Wilk ANGCULAY MoméeévTtuM ie -'/e Wwe hfve ThaT 
an +h2z a 
ae ( Ccx+ey) J oxrig 
d 
Arn + Be =? 
. - ( CCxtey) ) cariy) 


The tacrors a, 4,¢,A,B,C frre AtL tuncnons of 2. Thus, 
AWAY w&é Go — 


WE frst NEéEd To CALCULATE (o-V)U find (5 -V)V. 
FoR The defminon ot & And V, !T chW be Shown ThAT 


(>.7) “9 Pipe wis 
“ant Toy Vaz 
WhAT WE NEEd TO CALCULATE Then IS Ce 7)C4) Which 15 
— Vaz Uri + C¥ax-c¥Vay)u 
(5-7 (qi) = ae ao ie erage he 
(%ax +: Yay) Ui -(Y%y2) Ur 
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FirnsT Lets TAKe Co-V)V, 
a Ye Yay - Arn + Bz 
(o-V)V = (, Ee To *#) ixtey)* 
“ax tay - 2 C Cxeey) 
TERM by Term we GET 
2 An =na Atryre) +Adm seA'z 4 AZ 
Monce Thar The FACTOR Cxtcy)*% 1S NOT boThered bY Paz. Neat, 


(2 3 VC Gene aig | cxeeg Cage 


Notice PLEASE ThaT | CAP MAKE Thuwos A LITTLE EASIER FoR 
nesecf if | MoTICE That, 


« art 
_ 4 = za Cxte 
2 ¢ A (xrig)® ce 
Nd ALSO 2 3 x .. 
A ee 2) Cx ly ) = 0 
We Moove differewTi ATION RESULTS IM The TOLLOWING | 


(2-63 ) exeey) C= a2cnt + C (2 - “t) 


For® Tne Term ( 2 +c Teer 2 | GeT Sitmitarecy 


ox 
e) ps c g - A B 
(a ay ) Ath tae gS fe 3 A'+ Ae 
ALS : 5 Bt 
ioe: s any’ aaa 3 
Then 2 a Cx ecg) = _ a! bs (xrey)” 


az 
} Sor cor The Term Yaz Re sae Prodvces Be tm *C.. 
The Grftnd result of ALL This Tedious Exercise 1S The TOLOWING, 


(E-Vv-m) Aah +t oxriy)? ie Be et BE 4B CWI WHE 
Coxtey ) (A ‘+ ie + Be ~C'z z own) 


' h 
This 1S Goop becfuse The Cxte \* Sectors Go ouT. © Oxeey) 


But we Need AP SimiLAr Expression Sor The oTher SET 
of Equhnons 


(e vem) ( Reve JOM --(+9)( owen ere 
Since The oOperftoR 1S The SAME Fh ANd The form of G,b,c And 
A,B,Q@ beiIne similar ie hAVE The RIGHT Side iS JUST 

a a2 ¢ wet biety be chcateg') wee Yeas! 
CA + Oe 4 ae - CB ) Cxtiy J 
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Now What tuncnons CAn Possi bl? sAtisty These Terrible 
EQGuaLiTIesS< IN order TO Succeed AT 


ALL | must Proceéd 
To coOmMPfARE coe ttc) Enis, } witt Leave it AS Am Exercise 
Jo show ThAT 


Bis Bee, sre 
A CONSEQ VEN CE of No & Tern 
IT MUST bE TrVE 
b' md at. The 
be toro, 


Avid A> C. This 15 
IM The Coxrey) FACTION, Ths 
That (B'-c') 4, +0 3 Like wise for 
CONSTAWT of INTEGYATIOM 1S “NEXT Proven TD 
Usinc These facrs we Ten Carn Simpeify The Terms, 
oe" gs © (xtex*) = DB Cxbeyt 24 
fc * 


> SAR 
Pe 
Thereiore we have THAT 
Ar + fa ; ( A é + Az +Bir+Brt on 
bixecy) (At + 8 )(xtey) 
Faom which We CONCLYUDG ThAT 


ia: oA 

b= CA += ) 
And WaT 
art tA +h) - A'z + ae +Birnt B(tAt3) 


SsubTTACTNG ovT A'E + Atyr find SY_STIPTWG hz > ve 
we have ThaT 


a ? wg rr) & + B' 


Our first PMR oF EQUATIONS cAN bE ExPCEessed AS 


(E-v-m)a = 2ijen) B + B' (1) 
“Vi - Wa = V+ A 
C e-v db A = (2) 
In AddITION TO These CQUATIONS we hAVE TWO dre Which 
by SyMmery Wwe CHW deduce 1 be The follow ING, 
_ " ; b : 3 
-(E-virm)A = wrt) 2 + & (3) 
- (E-Vim) B 


2 @* + *7R (4) 
lL Now have 4 EQUATIONS IN 4 UNKNOWNS Which have Te 


be SIMULTANEOUSLY SOLVed For CeRTMmN VALUES of ENERGY, 64. 
l have Now A 


ProbLém of SOLVING LiINEAt fitsT order 
DifferEennAL EQUATIONS. | Should however Nonce RIGhT AWAY 
Thar Tne 4 vAriAbLES Are UNCOUpLed 


iN The 4 EQUATIONS fd 
The PrDbLéM |S SimPpurfed by hAvVE QA, And B vupléd io 
Equimows tind 4 find A,fvd b 


Coupred IN (Z) find 63). 


rah 


LeTS PICK EQuANON U) And (4) TO Sotve toR Q@ ANd B by 
SETTING b=Az0 Sor The Moment, LATEr You CRAY Go bACK 
fwd Solve (2) Md (3) SIMULTANEOUSLY by SETMNG a2B=0. 
Thus You CAN GeT ALL The €ICENVALVES, Do WE WAWT 70 SOLVE 
The ser of EQUATIONS 


Erk-m)a= acjri) 2 +B! 
Re d fe 


Q 
-CE¢h em) B = a + Ya 
re 

These Two coupled firsT order EQUATIONS Are MAThE MATICALLY 
EQuivALenT TO Schrédincers 24 order differenTIAL © QUATON, 
lg, The SOLUTIONS ATES ESSEWMALLY IM The Sfme torm. Bec use 
The SorvnoN To The ocNerAL di fferenTIAL EQUATION 1S imporTANT 
They GeT Thetr own NAME - They! fe CALLEd The CONTLUEWT 
hyPEer Geo metYIC FuncTiONS. Ir turns ouT The hdrmonic oSciLLATOR 
EQUANON hAS FA SOLUNON Which 19 A SobCLASS OT The hiper 
GCEOMEMIC FoNCONS; They Are The hermite Polynomials. ITS TyPiche 
When TEACHING The Youne STVADENT how To SOLVE SUCh Problem 
ThAaT he js iNSTrucTEd IN The WonderfutNess of The fywctrions And 
Thus he 1S TvehT TO be proficienT IN SOLVING AbdoT Three 
Problems IN QumTuM Mechfmics s The free parrricté, The 
PANICLE IM A COVLOMb POTENTIAL, find The hfrmodnic OSCILLATOR, 
The hettuvA 17 IS’ The poor Kid GeTS disitkvsioNGd AS SOON 
AS he reqriteS THAT he sotved very SPeciAl Probuems which 
hive Paralyzed his ThinKiING IN TO hdwW TO hdONdLE weird - 
PoTENNALS, It'S fwoTher EXfmpte Of OU STUPId PEdAFOCICAL 
TECHN IQVES. 


Well, At fy rave I'LL Proceéd ON WiTh The vArious 
STEPS Which | won'T be AbLE TOCKXPLAIN Why I'M USING Them 
ONLY THAT | KNOW JILL bE GUIRED TO The Richt AnswSeR 
IN ENO. WhiT WE STAYT OuT TO do 185 Te ESTABLISH The 
ASYMPTOTIC g form of The SOLUTION; Then THKIMG ThaT 
SOLUTIOM AS A TrIAL SOLUTION WE PLVOoO IT back INTO 
The EGVANVNS, TYTN The CrAWnk ANd SEE WhAT happens. 
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SINCE & —?00 IN The LimT we hAve The EQvATIONS 
(E-m)a = B' 
CeE+m) B = a! 
From Which WE CAN ObTHN by DifferernéANNe 
B'' = -C€Et- m+) 
\f we detine wt = mt-E% Then The wfve tuscnon has 
The ASYMPTOTIC form ot ee elie. _ it E2mMm Then The Evectron 
IS im A bound STATE find The SOLUTION 1S SINUSOIDAL’, lf E>m 
Then The pArnclé iS freé Ad The SOLVTION IS SINUSOIDAL 
IN torn. SINCE IN The case ESM MUST NOT be &X PONENTIALLY 
DIVEFGING WE MUST PhysicfliY FEQYFE The SoLvuTION TO bG 
of The form e WF: 


WiTh The ASYMpronc form of The soLuNOM EsMtblished 
We WILL G@ESS AT Tne form of The SotuTions for The 
GCeNnérflh SOLUTION; 18 woud Add Thar iT 15 NOT CLEAR WhAT 
Jusnficrmon | Cf offer for doinc WhaT I'M doIN~ but “ DAMN The 
Torpedoss ...." [LC TY The Sotunons 


-Wwit S 
=> Le B= #e 
PUITING These FuwcTlOnsS INTO The pfAr of EQUANOMS WE Find 


Thr convenienTLY The — ti dependence drops ol And we 
Are LEST WITh The €QuAMONS 


(E+ 5 -m) A = vj) & + p' -we 


wit 


= 
-(Ert +m + a" i ie 
Now Wht These EQuaATNONsS Ate CASICR TO So_ve THAT The others 
iS NOT A IMMedI ATELY APPARENT TO The humfmw ere. WhaAT we 
have To do 1S propose THAT % Add B HAVE A SErIES 


Expansion form which we CAM write AS ( bechus¢ were 
SMATT jn KNOWING The Awswer ), 


n 
ee Cae 
n=d nee 
(o> > ri Pe 
n2d 


We have ADDéd The O-ordtér Term ries TO fitcounT dor The 
+#cT WAT WE Mat MOW NECESSAVILY START The Series 

wiTh AN INTEGCEC: LATE I'LL deTey MING Tre CPUANON JhAT 
CE MUST Obeyp ie do ThaT by GKAMINING WhAT hAPpens 
Near The oriGim, TO Simplify WhaT \VwrntT TO NEXT | will 
rEATTANGE Tne EQuUAMONS TO PUT Me FrewF ff me order 
TErMSs TO GetTher, ees, 


i] 
(E-m)hk +wGB = (tj ei) & 6 es 
~CEr w = YN : 
ma) + a * 6 +o oes 


Puline® IM The POLYNOMIAL fun cNONS 


CE-mMI& Pr ce ewe qn oer FRE qna TZQr are), Mail 
- 7 2 Qn rer 
- nr¥ nvy nrr-l nt+o-) 
~CEtmE qn ph rwiGnho = Ngan tZ@ncnraRr 
+ 5 Pn re a a 


Now if we raise n by Luntecer by vusT redefining N—-> nr! onthe 
Vickl We CAN reduce The Pmr of EQuATIONS To The forn, 


(E-m)Pn + Wn = -N Pune + ( agreineeti) pat 


E tm gn + wen = a gntr # MEER) Gon 
Phese €QuATONS AREN'T Quite PS hArd To Solve AS They 
LooK. | wfNT TO be cfre Thouek ThaT 1 GeT The firsT TERM 


IN The SETIES Ti@hT 89 LeT ME SEE wWhAT hAPpPaus when # 
N=0. For N=0 The Left sipe OF The cCQuANONS MUST MATCh 
The richT Which IMpLicS That The coefficient of The 2*! 
Tern musr be O,48€., 

-NR feo + C%4t2 +B) Jo =0 

Ao + C¥tTIDG =o 
CombintMe These €EQuAMONS Wwe GET ThHAT 

A + ¢¥ FI) Ctg+2re) =o 

And SOLVING The QuAdranc Produces The CONSTRINT on 


re -pn Gp 
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The resulT we have JUST obThméd 18 INTE ESTING IN ThAT IT 
GIVES US The corREecNon TO The Schrodincer GCQuANON 
Neéfir The Oricim, 12, 


yoann’ 2 at | 
For The €LECTTON WITh wee Y= =2+ Ci-wW™. Numerically 
1 > Ce > n E where © =X The FANE STV UCTUFE CoNnsTdNT. 
Ke 137.04 AC 
Since H* IS <4 1 WE CAn APPFOXIMATE (I- ne )@ by a-t n* 


Tus for The hydrocen ATOM YPusyr- Arooo 


WE NOW NEED The GENEFAL YELATIONShip between The 
p'a fwd q'd- To remrN To Tne GQLANONS 


(E-m) gn +t WGn 7 -N Fori + (Asts tne) Gna 

~CEtm) gn +t Wen = NGnri t OCHO TL) Pm 
Multiply The first by (Etm) Ad The poTlom by (6-M) find ftdd, 
and f&tTET Some MANIPULATION 


L- Wcerm) t+ WOH t¥T2) J Par = -Lcntyesrej)cerm) rqpwl fney 


iF This horrible Mess 1S CorrecT IN FEPresenNNG The correc Tay 
COrfeLAMON beiween The P'4 fd J'a we should be Able 7D 
Check iT for Nz0 18. LETS Find Peles which CArlicr we 


] 


found if To be - U/yri. Subsnwre iN N-1 ANG we cer 
-K(EtM) +WC¥tI) Po = -LCyre try )CErm) + nw {ge 
SINCE we chriier Proved THAT (UA trUt+y) 7 - Ne , you cam 
yr 


YUCGCLE Whe TErMS fitouNnd ge Show’ in fact The Cecorsion 
TELANBNShHIP WOlds. 


Since we TtAltKed About The AS?MpMric Limit of The 
SoLuNeN ,WE Should se whAT happens tor Litce Nn. It 
we do ThAaAT we nd WAT 


W Pn = - CE +m) Gn Jer Latce 
such MAT se = wy 
on Seem BP 


TAKING MIS ret Anon ship fwd PLUGGING IT BACK IN The 


176 


General formuth we ceT WAT 


DEerom ey 


“ ~ wr are Ww 
(Bent Ge Won N Pre arte 


= MPrr + Ctgtsrnrr) Gar/ 


MULTIPLYIN © ThrovGh b& E tm awd StUbsnDTNGe Wtszm-eE* 
we hnd That ZW 
What Kind of seriéS haAS This Propertt ¢ That iS) Ach Tern 
ditters from ITS NeEleh bor by 2Yy,. IT Wrens ovr Tat 
This Corresponds TO fA Geomemic € Sericys 
LwR A] 
rte - 2% Civ” zr 
n! 

Thus wé Hwd That The solvnon EXPONENTIALLY chiverres 
dor LATGE N Which sfAvos THAT The €LECTrOWS cAW'T be 
mound TO Me Nucléys And There fre Wo ATOMS! Wet, 
EVidewTLY SOMETHING hftS To be sIYYMohTENed OUT bEcHUSE 
the fv cNONS doesSn'T blow Up ANd we mMuST dnd OWT 
how TO €%plLihn This AppArEeWwT SISCrepANCY. 


MAKING ThE SOLUTION WORK. 


Our SOLUTON DOESN'T work becpuse IT CoOES ott TO wh wiTge 
bud clearly Tis IS MoT PIGhT. We have TO Nd A SoLUTION Which 
Works. The only WAY Tht Every Trine will work ovT is if The 
Series suddenLY STOPS fd Beyond Some TEM The cocfticiawTS 
Are zero. Then AS we Go Further ooT IN The Series ® The 
Sotunom eT”® facts off Faster Thaw The 2” Tern. IN order 
To ESMHbLSh The CriTcnft There mA MuST Therefore be some n 


Sor Which Prt = Qunri 79. For dur recupnon SovnutA Then 
we Must require maT 


Pn = etm 
qn w 
oR WaT Eem « - Lt nevetg+ 3) Ce+m) +nw] 


Ww -Cetm) + w Cnrity ) 
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Now IT would be some smAuL mMirAccE tf Mis reLcAToNShip 
Dees WOKS . IN GENGAL IT WiLL DOT So THAT The Solution ° 
EXPLORES. But for fA PAYTICULAY SET of EWeroYd VALUES IT 
WiLL WOrK Ad iT AS Those TanT WE fite ATTER. Theres witl 
CLenArty be More ThAN ONE VALUE SINCE TN Appears on 
Tne riGhT Ssidé fwd IT CAN be A WUMbEr of AISCYETE INTEGETS. 


lf we MUuLTeLY The Mhove rechnonship opt fwd efrr Ange 


ae : 
Me’ OW Lerm)® - Ce¢m) Ww (tns2y 43 +27) — Kw* 0 


if t SUbsnTWTrEe for wr m--E% Then 
WOE +2em) - CErmywltnreys¢3rey) 20 
oe Lee NIT i) +r Vr 


Now 1f we subsnwTe tor © = -g- ther [ope The th 
CAY cAthovher vp find WE Are LETT WITH 


1 = + Y qr =e 


BY SQuArinG® Both Sides, SYbSNMNNY for w*  m-Et fwd 
Yoarr Amore You CAN Show TWAT ' 


-[e 
e>m }+ A ,| 


Lue toy nd 


This 1S The Grid result we were Ader, iT Gives The pasiTon 
of The EnerGY Levers for The hydrocew frum. If we subsnnTe 
back IN The Expression FOr N 1é, 

Y= 22 3 Be 

RC 

Where & 1S The Awe structure CONSTANT fd Equal TO Y\37,.04 
For SMALL VALUES of NL, é., for Widvocen we cAw write TO 
fF Good APP rox, m ATION 


i 
- z -— —= 
. ees Elim 
2 (n')*h” 
where | have dehned 
Wis HF lyrt] 
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The ANSWER wé have obrMNEd Gives US The Enercy Civen” 
VALUGES for ALL The bound STATES. IT IS PreciSeLY The Bohr 
formut@ where The bindiwG menegcy erertm is Cated 
A Rybbere fd CQUALS - 13.60 EV. er 


ConthNed IN our FESOLT 18 The fAcT TwaT A decenerncy 
IM The Ewerey LEVELS EXIST. This 1S becAUSe The Term 
Ntgth caw Gwe Me same resutt For L acfterewT 
Valves of N find § For wstTance tf N=0 avd jr 
N'= 2% med tt nod mid ps4. on! Miso = 2. However, 
we Also see ThAT The LevelS Are NOT EXACTLY decenerATE 
becfuse we hfve LEfT ouT The nN TETm iN The denomin ATOR, 
Therefore The Levets ARE SPrefp ALITTLE BIT. The spreAdine 
Is Teserred To A The Fine Line srrocture ot hydrocen. 


1 Should PowWNT OUT TWAT we hAVE Ioworcd The 
oMeR SOLYUNYUN When G:0 fidd BR=O byT IT TOrNns 20T 
You G@eT ASimiL ae SOLUTION Add The ExTYA F SoLvmom LETS 
You ACCOUNT for Even Avid odd Parity wie foncnous. 


Further The divAc GQUATNON iS INCOMPLETE IM ThaT IT 
lemores The Setf-cwercy of The ELEcTrON. When The dywamical 
fietd oF The hy electron iS correctepM fer, iT 1S Found That 
The n=0, f2%2 bid Met) fe Ye CUS md UP STATES 
frre STILL dtGener ATE: The StighT DiscrervAWc? IS CALLEd 
The LAMb ShitT Ad 1T hAS heew Shown Theoretically 
MAT The Shift correg pond § TO A bout 1937.70 Meconcycue. 
Expermen TALLY The resutT differs by About .2 mecacrcle 
Awd \T OAS CLAamed That boTh Pred AusSwers have fw 
Accurfcy Good TO Oo-1 mc. PerhfAps, QuaAWwTOM €LECTTodtn fnics 
iS NOT EXACr IN ITS form. Bot nore tikety IT Is A 
Problem im teterencnG The shiiT of The Two Uwe CEWTErS, 
We Should TnedrenchllY compuTe The center oF The 
Two LINGS Ad Then See how iT overc-iys wiTh The 
CXPETIMEWTAL CESULTS. Then we'd KMOw IF WE were 
IM Trouble. 


Pty 


34. SolVING The HATMONIC OSCILLATOR Problem 
with DitféereNTIAL EQUATION TEChNI QUES. 


WE JUST wocrkKkGd ovT A CATher hArd Problem by dnd ine The 
SOLUTIONS ,1.2, The Eevercy Levers of hADmGcen bY SOLVING The 
DiRAC EQUATION, We Shouid, Perhaps, back-up tor A Tew MINUTES 
Awd consider f More efs€ Probtem To Sovrve bvT ONE THAT 
has @ Good deat of UNLITY IN helpine VS Solve OTher more 
DifficucrT Problem. | Am reterrinc To The QvAWTUM fi flO & 
of The hArmonic OScidlATOr. IN This problem we witt be 
depuncG with fA PATHbOLIC Shaped POTENTIAL INSTEAD of A 
Covlomb PolennAL, The PArAboric PpoTENNAL Problem IS fim 
IM POrTAWT ONE becavse very OFTEM WE CAN USE IT TOR GET 
AN fPProXiMATION TR A MOfE DIFFICULT PLAbLEen. 


IN CLASSICAL PrvysicS The hfvmomc OsciLlL ATOR 1S A very 
UséfuL TOOL IN UNdersTANdING The behAvior ot A COMPLEX 
SYSTEM. SimitAvlLyY IN The reatm oF Quantum $ PRYSICS Wwe CAN LeAW 
A @repr deal of @.E-D. bY STdyiING The oscillLAToryY behfvior 
of The ModAL behavior oF Ay ELecTroMAGNETIC Field coNTMNEd 
within A LAGE C perhips, INhmTEeLyY LATGE) box. The Key pont 
bese Thar each Modé& & Chin be represented AS fF CLASSICAL 
harmomicg osciLbAtor. OTher QoutnyumM PhenomenA CAN bE UNd ErsOdd 
IN pw ANALOGOUS ; for IvSTANCE The RehAwior OF SoUNd fd heaT iN 
A MATETIAL CAN be more AccUrATELY UNA EYSTOOd. LATEr oN we'll 
Show You Some specrhe EXAMPLES. Now we want TO SoLve The 
harmowic OSciL LATOR Problem in GEWETAL. 


There MusST be AT LEAST A Wo DitterEeNT WAYS TO SdLVE 
The Probtem bod I'M ONLY GOING TO DISCUSS WD PATNICULAR 
WAYS here- ONE wAY WILL SOLVE The differasnAl €Q VATION: 
IN A STVAIGHTSorwivd MANNE; The Second ApprofAch will 
use The Operator TSOChNIQUE which we hfvé AT ovr iS posAbe . 


WE ShAre be consideriING A POTENTIAL OF The GENETAL 
form Ve Bye . The PFOPOrFNONALITY ConsTANT Rk cm be 
Expressed IN Terms OF A NATUCAL frequency, Wo, And S7VSTEM 
MASS,Mm, {usT AS IM The CLASSICAL CASE. Tnus we could 
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Suvpsnmwte for hk , MW 


The wAve EQuANON THAT 
INTE tf ESTED 


wé ATE 

IN SOLVING THEN 15 Y Cx) 
ba «= (2 + £ mux") Y | 
4 3&6 zm \ | 
Since The Pfrncie's MOMENTUM CAN be tX. I 
Ex Pressed AS ne We CAN wriTée | \. ‘ | 
i ox | ; 
-k av a EP ot wad" i; , 
é¢ at tm aa |CO : ? x 

The harmonic OSCILLATOR 13 ONG OF The few 


TIME dependewT EQUATIONS Which Cin be Solved 


iN Quaqwium 
MEeChANICS, Since our SPeca fic Gohl is TO And The Grercr 


lLevets OF A hATMOMIC OSCLLLATOR WE 


wAantT To TYY The 
SOLUTION 


-¢ &t 
wit) =e! 7* Qcx) 


It we subsnwre ThiS INTO The frbove EQuATION WE hive 
Lz 
eo. uf €2 


y eh 
tm d*x” i a lias 


Now we WANT To SoLve This EQUATION. To do ThAT we'll fivsT MAKE 
A SUbsntnon Tt cet rid of The 


CONSTANTS | Dene, 
5 = 1mw. xX Aud = E/e 
*F 
Thus we have to Sdlve 
i az gy 2: = 
Lao fees}? 30 
difterennal equANnon 


form Which MeéemNs 
SOLUNON’ 


This 


iS OF The CONFLUENT hyper GCOMETTIC 
We CAn Tr? Finding AN ASYMPTOTIC 


ANd Then fAlucGiInc iT IN correct for Sor SMALL XorS. 
This S The SAme Approach we Just vsed 


IN SOLVING The dirfc 
EQuAti0 mM. 


There fore, TRKENG fA hiINT fROM ovr Previoys 
CKAmPLe LeTs Try The SOLUTION 


oe 
g= et wis) 
We want To Twice differenTIATE This with CespecT TO § 
«dif tet , 
df. qs -¢e wes) + @'S w'cs) 
4 


9’ 


bet 


=e8 
ee” wey <é “s 


-i¢* “7s 

wesy -Se wes) -§Se  w'<S) 
-4 rs 7 “tS" 
(ws; ~Z2g5w'tS) # cg§?-1) wes) | om 6S) 


tie 


“ 
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Subs TUTNG INTO The EQUATION ANd SiIMpLIIYING we have 


(€-4£) wis) = §w'- sw" 


So far WE hfve found A Soltunon Sor Larce —£ Such Thar 


The whve funcnon Drops off EpowennmiLy AS S$. Whether or 
NoT This If w dAcT The richT 


SOLUTION REMAINS TO be SEEN. 
T3u0T 


foLLowine blindly IN The steps ot our SoretSfhers we 
proceed To Sind A SoLuTIon TO The frbove Eguhnon bY 
SubsSNTVTNG fon wes) A Series IM $14, 

i=] 
wiS)= 2 a&n§ 


n 


n=d 
Thus we Know Wat ‘ - i : 
w'cs) = ee NaGn§S = ‘i (n+1) on £ 
7 nei 
Ana 2 ~ ce ies 
w'dS)= 2D CM)cCn-iGn$ 7 2 CNt)CHt2) Ange s 
nev 
BY PuTmne These Terms WW The €QUATION 
Ce) 99 22 h 
(e-4) 2OnS" = Unadng = & EL CM cnr) Ann § 
nsod n=d = 


We Therefore obThN A TrEecursiON RELATIONSHIP of The form 


(€-4) Gn = N Gw - C n+l) (n+2) Qnar 
t 
or Sasa @ @ £206" %=t) Gis 
Cnri) (nt+2) 


Thus wG hfve SolvEd The hATMONIC OSCILLATOR - Grand, MArvéeLlous, 


WASN'T IT EfSY% LeT'S SEE how well it AGrEeS WITH Ove 


ASYMPTOTIC SOLVTON That we cucssed Above. TAKE N ver? 
LAVGE; Then TOR A Good frpProKiMATiON 


oF athe n® and tr Term 
be 


Series WiTh coefticiewTs 
IN The rato of 4% we tind IT To 
ss” 

™ ! 


§ 
Which Turns out To be The SEriéS for © . SuddewL? our 


SoluNow 1S EXPLODING EXPONENNALLY : iF 1S EA LESS 5 ip IS Aw 


mwhwiTe Seles. SoneThines WronGe ANd wiITh our LAST SK imple 
WE ProbAbLyY KNOW WhAT'S WYONG. 


IS% 


n 


If The SoLUTION 1S NOT TO CONTINUE OM INdEHINITELT, 
There MUST be A PArTIcULAr cocthiclEeMT which Goes TD 
O. Im order To SATISfY The constrfwl of The Vanishing 
CoetticiénT, The Everey 6, must be AW INTEGEr PLUS th, bE, 


é = t+ Yr 


WIT, This CowSTRMNT we CcAy Find §=The polyno mine form of 
The wAfve furcNon; Some Guy GOT his name AN These PorynNomiALs 


So WE CALL Them HErMITE POLYNOMIALS. LeT'S SES tf we CAN 
Sud A tew. 


Consider ho or €: 42 Then E= ¢hwo White 


Quer = an Gn 
Cnt+i)(nt2) 


From This formuth we SeThAT tor n=0 , Az =O SO The 


4 


ONLY Term IN The polynomiAl IS consTANT Go 
‘ 2 
z 


Gin =e wis ~ o¢ 1 bee Gus.) 


Mis whve Funcnon 1s Therefore cAlLEed The Ground STATS. 
Ir fEprEesenTS The LowGsT possible ENETGY STATE THAT The 


PArTicCLe CAN be in. LET'S Go ON. Notice Thouch The cvound 
sTATE has A GAVSSIAN JDISTrTIbUTION. 


Comsidee R=l or €= 3/2 Then &° WHWo. This 
Time CE-wm-m) Gives n=l AS The LAST TETM IN The 
Series. BUT NOTICE since Ar FO Go musT =O SINCE 
Qu 20 Is bevoud The Gd OF SErIES, The wave funcnon 


for The “ Aysb ExciTED STATE * is 


Q(x) = § € 


cv 
wif 
The Shfpe of This Curve IS YOST LIKE X* A GAUSSIAN, 


Consider NOW 22 Sor which €25/2 And The 
ENETGY Ez YrhwWo. Things Now GeT A LITTLE MOTE COM pu cATed. 
The LAST Term IM The Series 1S Gq Therefore There 


IS NO 
odd iNTEGEer TermS. The Terms Thar we have Are 
Qe doe -20h-b-0) Ge + -2e 8 § Oy = -2Ch-t-Yagso 
/ a A iv 
Therefore Gr S$) =d0C 1 - espe * 
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The higher EWErGY LEVELS ConTINLUE T bE EvenLY Spaced 
ANd INCrEMENTAL INTEGEr VALYES GIVEN by 
E- ( R+t) KWo Aa > 11,3, ---, N 


The higher order wfve foucTNIONs CcAw be found by XT eWd ine 

The ExArple PrESENTed here tur Ther of by LooKiING vp The 
specihc Hermite polywomiacs ,HecsS), AS A VISUAL represexTATION 
ot The fist few WAVE SHAPES, 


ut wn Yo 


The Probabiityt of find The PavTnclLs IN The POTENTIAL weLL 
IS Given bY The SQuare of Dix) Nonce AS R Gers LARGE The 
Prob biwity APCOAChKES The CLASSICAL LiMiT 7.2, The Parcel e SWINGIN GS 
back fyid forTh LIKE WITh A Rerdy Lower vevociTY NEefr The 
"Ed@es” of The WELL SO IT 18 NYOTE LIKELY TO be found Therc 
THAN Nex The center Where jT hAS A FAST VewociTy. 


AnoMner iwteres TING HicT AbdoT The sSolUTION which 15 
Pecutftt To The hftrmonic OsciLLATOR - If | TAKE The fourier 
Transform of G(x) INTO MOmenTUM SPACE, LE. 

épx 
gir = JS Pixye dx 
We find The pomentvm fmpumnde 18 Of The sine form As 
POSINON fmpliTvde P(X). IN HMomenTUM SPACE we hfve The 
ditterennvar Equanon : 
~ u L rysd 
E® = 5. pcr) t+ TmMWo (¢$,) pcr) 
Where we subsntvTed iYap dor 9. Siwce The eguimons 
wre of The same form except for The CONSTANTS WE Woyed 
EXpecT TO GET The SAME form oF SoLuTIons Sor Qcx) And PCP), 


We Sind Me InNTEvESTING SY MMETTY betweew X Awd P PRodUcCEsS 
EQuivALEnT Ground STATE MU4PLITVdES, 


iyi = e -tmwoxt a” PoTewnal Greroy /h wy 
Awd ~£ re —Kwence enero? /Kwr 
Pcp) S ‘< melt 2 © 


SolvING THE HARMONIC OSCILLATOR By OPERATORS 


WE WiLL Now AMEMPT To APPLY The MAGIC oF OMMUTING 
OPErATOrS TO SOLVING The HAPMONIC OSCILLATOR. WE Won'T 
hAVe Jo cONCEYN OUCSELVES WIth SolLuInG di fterennfAl 
EQUVAMNONS bur we with have TO USE The AbLSTYACT PropaTes 
of OPErATOTS TO WwdrK oof WAY Twrouch. 1 don't whihT 
TO IMPLY This Technique IS ANY berrer THAT The oTher wh 
Thaft w L Just Showed) iT IS) EQuIVALEenT, 


WE STAVT bY writtNG The HfmilTonifAw tor The S¥STEem. 
Tis ME ,Thoveh, for rérsons of hich CLASS convéewnon we 
Switch from X TO The varifble 3 TO DewoTs “Pasinon , Thys 


i 2 
= P* 7 + mw 
HF 2 $ 
We Wilt wKEEd The commurAnon rEeLAnNon between P fd 4 buT 
we've cCALcULATEd iT betore, 
P4 - ai = h/2 
} will INveWT AN OPer ATOR GQ which JIS Given AS 
A= of me ; i 
“. $ e 2mwWo e 
Because of The FFI 2c iw Te richT side the OPEYATOR IS NON- 
HECMITEAN So we will dehne The Hernitehw AAVOINT TO bE 


a m ss Ue 
as {Meg -2 157, 
Usince Qfmd a® we cAN Sorve for 4 And P iM TETMS ot Them ‘30, 
z * 
4 > Y iio Cata*) 
@ = femuwoi(a*® -a) 


IN order To fevre OUT WhAT ALL Tnese SYMboLS MEAN we hfve 
To conmnvue A LITTLE further Arvada CALCULATE The producr a®a 


* ‘ 
AA => MwWs + ob = e z= Mw g2 e ot 
5 + (ge eg) Forde —> 4 Oe z. 
ae: ene 
Kwo @ 


SimrerlY we can find The ProducT aa® = H ++ by 


s¥mMeTY WIThouT worKING IT OUT So what! Ws 
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WELL, hold OW ; LOOK WhAT we hAve, QA and a® cCommuTé 
Accordine@® TO The YULE 
aa®* -a™a = | 


ane H = t hwo + hie ata 


We ALMOST hfivé The ENGrGY LEvEelS If we define The 
operator N=>GQ®aQ = Then H = (N+%e)Kwo Which 
LooKS AWfLLY FfmslAy buT NOW WhAT Tre hell does N 
Mein? As An operpntoR N has el Geuviives ANd IT IS Them 
Tit we fire After, To Find The €IGEN CALVES, subvecT TO The 
CommuTIMON fELATION ON AYA WE'LL Suppose ThaT ONE 
STATS IN> WAS The Pfr PATTICULAT Eileen VALUE N When 
WoOrKeéd OVEer by N | be, 

Nin> = ning 


ORY Now Ler?S use A LITTLE OF our MAGIC ANd See If 
WE CAN Ger SOME MOE EIGENVALUES. LeT'S ASK WHAT happens 
if we LeT N work over The sTATE a* ine 


Na*in> = a*aa™ \n> 


shes 


USING The commuTAmon rule Above aavY = | +ar~a 
Natin> = ofiny +t aataing 

BuT! at¥ain> =nin> since N= Q@*®Q So we hAve 
Natin>s = a®*in> +na* pn> 


Where we Pulled N Throveh a® since iT 1S JOST A NYMber, 
Therefore we hive found Thar 


aC a* ino) = Chery Ca | n>) 


This EQUANON TELLS US THAT G™ rhises The €lGenvALYE oF 


sTavTe by | INTCEer. WE CovlLd Keep GoiIn® fd EvenTPALLY 
Ger N+vt, Nr3, ETC. 


That's fur very mice but how AbouT CGoiINnG dowN trom 
Ni. WELL, IT TURNS OUT WE Chm GO dowN Ih WE Consider The 
STATS N Cai n>) = (n-1)In> 


The ANALOGOUS MANIPULATION IS STrAIChT Sor wArd. 
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AMoTner WAY To Express G*In> IS TO reLATE IT TO The 


sTmATeE IN+I> Since IT Produces The nti ECGenvaAcue, LeT'S 
MAKE The EQuALITY x 

% awe = Cy intri> 
SimuAriy for Aln> it iS PrOporNoNhL TO The In-17 SATE 
0 
ee eer Qin> =dnltn-i> 
Now The dn and Cn 


coef icienTS ftre MoT UN Correlated 
ite) OT 1) RS = Ci 


* 
Zn-il © lnte> = du -> Snlalnri> = dn-) 2 Cn 
To deTERMINED The vALVES of The C'S We'll ASSUME The 
STATES TO be NOTMALIE Gd. TheN 


Q*a iny = nin> 
b * 
Mr OTR ins = OCF. J=r> 
* * 
Can G@ Lhd so 
- * 
7 C nai CH= Ln? 
S$ 1 9 *® 
oe Nin> = Cn-y Cn In> 
find Osi Cn- = Nn 
OR 


Cm Te 


WE cAn Then write 


Or" Ih> = net Intir> 


Aln>= In | n-i> 


| ALWAYS remember The sgufre mot TErM BY buindlLY Pune’ 
IM The high€sT stTATE ot The ONE I'M GOING TO OF COMING 
SRom. IT helps TO Keep ThinGs STrAIChT. 


Now we have TO STRAIGHTEN OUT SOMETHING. Looks 
WhAT happens tf Ne-t, Cn = 2 which 'S impossible 

So N ChowoT be LESS THAN O. WELL, WhAT tt IT U9 1 C3146)? 
Won'T WE Keep Lowerina® Tf by —I UNTIL WE Go bELOWwW 
O; fer THAT MATTEr Wwe chy AlwhYs Keep comNTIN & down 
UNTIL The €IGEVVALVES Go imAGINATY. So 


SOMETHING S 
wroNG. There musST be A “Lowest” EIGENVALUE below 


Which You only Produce o, 
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Con Sider Ah TO be The Lowé6ST €IGENVALUE Then it mvST 
be Trvé That 
Gik> =0 


THAT 1S | Q WYES TO Lower The LowesT €1GEewsTATE, SINCE 
NIRS = OF Alk> = Rik > =O, iT musT be true 
ThaT R=O Or N=O. This Corvesponds 1 The lowesT 
STATE of Me hfvmonic osciLlATOR. For This smre H=+ two. 
Bervoud This Ground STATE WE Mise The Everced conFauT oF 
MWe S¥8TEM by ove UNIT OF HWo. 


WERE WOT QuITE doNE SINCE WE don'T HAVE The waye 
SencTIOMS for CAch ElGEWSTATE. To Find Them we START WiTh 
The LowesT STATE 

Qiog> =o 
Avd SUbSNWTE for ITS PAYTICULAY VALUE 


(as 2) &Q) =0 
WE can CAYTANGE ALL This stuff ANd GeT 
mwog = d I B)/yg ' ¢. LY 
Gog) LY 


> ~mwo eA +¢ 
z 
= mus 
P> Ce sz 
This tS The SAME GrouWd STATE Whive funcnon Thar arentoepel 
with The OTher SOLUTION. BY SUCCESS |NTEGrATIONS 
ALL The Hermite POLYNOMIALS CAN bE ObTAINEd., 


INTEC MATIN & A 
n 
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35.34. A UTE THERMODYNAMICS Reb. VoLT Feynman 
Chaprer 49, 41 
| sAio e€aruer I'd GIVE A Few exAmpces OF The vsefut- 
N&SS of The hArmowic osciLLATOR IN SOLVING A Number ot 
PROBLEMS. ONG INTERESTING AppucATION 1s IN The Aref of Thermo- 
dYNAMICS, MhAT we WAWT To do is reLcATe ovy QuAWTOM MechAWICAL 
Concepr of A QuAnTIted HACMONIC OSCILLATOR To The Thermodynamics 
of A cr¥sTAML, SAY. Our AyALooY will BE T VELATE EACH vibraTING 
Mode ot The cr¥smL To A Corresponding Mode of The harmonic 
OSCLLLATOR. Then AS The ENEreX Content OF The CrysTAL Chances, 
(2. AS iT TEMPeRATYTE chftces, The chinee MUST be IM UNITS of had, 


Comsider The crvsme TO be mMAdE vp of A Lor of VvibratoRY 
modes EAch denoted by AN GWErey: EB, Ee Es 2 Gey . WE WiLL TREK 
Abour 6th sTATE 2 detininc A CERTAIN ENEercy CONTENT E-. This 
Let's US Avorn ANY SEGCENECACY ProbLEMS bY SpecitvING The ENErCY 
Ei avd SAYWe Thar THAT ParaméTer dehwes The STATE of The SYSTEM. 
Now iT 15 imporThwT TO POINT OUT TWAT SPEIFY ING The Tém Per ature 
of The SY¥stem docsy'r meANn ANYTHING - IT IS NOT A PrecISeE 
deftiwinow of Me sare OF The S¥STEm. If we disturb The system bY 
fh henT b&Th for A LonG Period of TINE, our KNOWLEdGS OF The 
SYSTEM hAS nor chANoed. It's Sart of Like HfvIne A &-sided 
Die; Efich Side or Number hAavING A CERTHN ProdAbiLITY of BEING 
TUrNéd UP, IT DOESN'T MARER TO QuTcome of YOLL WheTher The 
die is ThrowN bY hfwd or spun Around IN A Wheel fd Then 
STV pped: The QuTCOME 15 sTALL The SAME. 


JusT fis We MIGHT ASK WhAT IS The PrObAbILITY oF The die 
BEING IN A PAPTICULAR STATE C1.é, EXPOSING AN A Prori Gvessed Number) 
we CA ASK whAT 1S The ProbAbititY oF The CrYsrAL DbEING 
IN A PArTicuLAR STATE 2. The whole of Ther nopywnmics @ 1S ConmmNed 
IN This rATher Simple tocnulLATION ot The ProbAbiLITY JUST described; 
IT iS Given by » Ee 

Gf; = CousTANT? @ RT 


Where AR is CAULEd The boLTEMAN CONSTANT, The fornuca |S 
CALLEd The BOLTEMANN Lfw. The ProPorTIONALITY COwSTAWT, CALL IT 
YQ is deTermined trom The NormALit ATION Condi TION. 
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WhaT we'd Like TO fond ovt iS for A SpEeatic TemperamvRe J, 
WhAT would The iNleryAlL ENETGCY of The SYSTEM be. LET'S CALL The 
TOTAL ENErGY U The ewercy dveé Toe ALL The osciLb ATORS ; iT is MH 
AVeCkG@E ENECGY So TO EVALUATE iT for The mutté-smre system 
we have To SUM The probAbiTiecs over ALL POSSIbLE STATES 


E, 
tc. g “kr 
qe ec 


hey 


N N 

U = z ge s 
The facror Q is Just Ze EYkr The SUM OvE& ALL STATES Which 
MUST SATISFY The condiTION TPC =). LeT'S PUT The NUMbETS 
IN for The harmonic osciLL ATOR | 


- (Nt Ye) oe/ pp 
U= 2% Rwointh) e 
a ah ile 


To simputy This mAaTheMATICALLY LeT X = i _ Then 


u “s 2 Cnt) x" 2 ; > nx” 
Rta N ee =>" 
K wo rx =x 
You Should ALL Know The Geome»>nmic Series 
ck eee j 
uh " Fax 


which CAn be di ffewnated witnr respect TO n TO Give 
4 55" > ¥ nx” «Ae 
dx t dt-x)* 

The retore, 


mM 
= J 
- 
zs 
ul 


x < Glo *K) _xX 
2. K%" Cpa)" 1-x 


So The ewnercy of The harmonic OSCILLATOR 1S 
Rw) pr 
Uo = hwe ts h We Cc 
@ hs enerer 
OR FEAVTANGING We hftve 


U m= % we KWo 


—_—- 


oe ees 
rc e Rep + - | 
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LeTS See WhAT THiS €@vATION TELLS US, 


i hwo + BR Wo 


FinST AT T-7 0 The denominator BLOWS UP INfwiTELY 
LAv¥ce So The Second Term 15 O. We Are LEFT WIT The 

Zero POINT ENEfey of The System FWo/,, This Enerey 1S due 

TO ATOMIC MOTION 1.4., ELECTYON MOvemewT buT The ftom iTseLt 

IS STATIC FiNd MoT MovING. Now AS T +00 And RT >>? Kur 
Men TO A Good APProAIMATON 


Aud NEGLEMNG FHA we hud Tart 


is ee 


Thus we cAN PLOT U/ vesus T/kws ftNd See That 
IN The LimT AS T GeTS LArce 


The Sttei RESULTS APPCOACK The 
CLASSICAL Limit AT White A 
Low vitues oF T The Quinn 
beh Avior of Twe SYSTEM IS MOE 
ACCUrATELY Predicted by The Quinny z 
harmonic OScLLe ATO, 


M9) 


More ON THERMODYNAMICS 


J} woutd like To discuss turTher whAT I mMenN bY The 
TeRm TEemperAtvre, OW The Quantity level IT Dogsnw'T APPEAr 
Metwine te TO TALK About ONE Atom beige AT A DifterenT 
“Tempe Atuce" Thy An odTnEeR becAvsé | Then | have dithcutty 
TALKING Aboot The Tempermmte of BiLUOWS oF PATHCLES. IT 15s NOT 
Good FO SHY Tht” Tne Temperature depends on The SIE oF The 
COLLECTION TAK EN, 


THE concepT of A DdefiniTe TEMPErATUrEe tor A SYSTEM IS A 
Jur @ Near STATEmMenT of Your KNOWLEdGE of The Thine, IT 
IN YO WAY déscribes WhAT THE Thing IS, You MAY be &KAMINING 
A piece of Cheese IN A box OR A CollecT7ON of ATOMS WW A 
GAS; The TempecAtvre of The S¥STEmM IS) SimpeY AN ExtrA piece 
of jnformATION A bouT Thes¥STEm. Our GenerAL KNowréd Ge of 
The SYSTEM which MAY be AT SOmMEe TEMPEerATUrE T 1S dé&cribed 
by The probability RELANONSHIp of bene found IN ONE 
EWEroy LEVEL or ANoTher , SAY &, dd Go. The Simplest Whar 
To UNdersittd What This Means iS TO BRING The sfsTée™ IN 
QuesTION (Aw ATOM, A MOLECULE, A Crumb, A MArbLE, A boulder), 
INTO CONTACT WITH A Ve&Y LAtTCe HEAT PATH Which is AT 
TemPrerAature T. You Then ASK WhAT 1S THE PrObAlIIUITY TAT 
Artter A Lone Period of Time ye, Time tor THe Sy¥sTemM under 
Obsery fmon TO Ger iN SQVILIbriVM With The heaT bAT, 
ThE SYSTEM Will be found IN The 2™ Ewerer STATE, Wel, WE 
AlrefdY KNOW THAT The PMbALILITY IS GIVEN by 


are) Le - &/at 
Gs Pe x en We 
where WME PO porTiOn ALITY CONSTAWT 1S 
ha i 
Q Farben /he 
Zz. € 
sain - Fiv/At 
SomeTIMES we wriTE The mew Eweroy Qz E& Where 


F(t) tS The free eweroy of The SYSTEM. 


The IMPORTANT POINT | WANT TO MAKE 1S ThaAT 1T IS PerfecTLY 
Lé@iTiMATE TO TALK AbouT AN ATOM AT TEMPECATURE T if {IT STATS 
ouT trom This iMAGINGTY heAT bATRA Which 1S AT TE Perarre T, 
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Ir 1S LECITIMATE bECAUSE You CAN Use THAT KNowLedeGe 
AeovuT The ATOM To MAKE PFEdicNonNs. Of course ONCE 
The Atom sTATTS INTETACIING WiITW oTner SYSTEMS YOU MedlY 
Losé Your KNOWLEDGE AbovT 17, 


IT 15 Possible To Prove The Above reLATION Ship tor Pn 
In facr iF iS EASIE TO Prove QUANTUM Mech fAmicALLY Than IT IS 
CLASSICALLY, However The Prove 1S SLIGHTLY SubTLe jé- 1T REGUITES 
SOME hAWd WAVING So | SKETCH WhAT IS done. Consider A SYSTEM 
Like A QUaNTIzEGCd hArMONIC OSCILLATOR BrovehT INTO ConTAcT 
WITRh A GIGWTIC he AT bATH. The heat bth IS AT This Free 
enercy valve Fit) wiTh MAWY MANY Enwercy LEevels Closely 
PAcCKEeéd TOGeTher. . 


The biltiows oF STATES IN THE bATR, ALL NEAY The OSC. 
SAME ENETGCY Lever, hAVE A DewsiTy oF NC(F) INA En E 
TANCE A, THE BewsitTy NCOF) Tines A Thew Gives us : 
The number of STATES IN france A. The Depavdence of ———— 
N ow F is’) fi Tremendous LEelANoNShip, a 

N « F K a 
Whe re kK iS The number oF PAYTJ$ IN The bATH,. The ss Sea 


EASIEST WAY To Apprect ATE Twis 1S TO consider how MANY 

WAYS The tEwereyY F in owits of KWo CAW be diSTribuTed 

AMONG The ConsTTUTE PATS. As A Simpre Exfmple if F23kwWo 
And The BATH ONLY HAD K:2 ATOM Thew There Are 6 ditterenT 
ways TO DisTribure 3% UNwiTs of HWo AMONG The BZ Atom. Now 
we had LiKe AvocADFOS Number of ATOM Cre.,A MOLE Of sTUtt 
in The bAThH) wih: jo So N re” Which iS A SEe~SANOWNAL 
NUMbeEr. 


Amother PoiInT WE NEEd TO CONSIder 1S The PossibiLiTY of 
deEGener ATE STATES | hE., STATES WITH The SAME ENETGY Levels — 
cAlL Them Ea fd Eb. when Ea > Eb There IS AN Pr Amplitude 
To be GiTWer IN STATE QA OF STATE & IF THE SYST& STYVWTS IN GO ANd 
iS LAWGr Perrier bed | h2-, brovGhT INTO CONTACT with A bATh gor 
INSTANCE, There IS SOME ProbAbiriTY Per SECONd ThAT IT MAKES 
A TransinNi@n TO THe OMHéY STATE. The FurdA rental fact THAT 
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WE MUST CcoNSid&r 1S THAT when EQuviltbrivm hAS beew reAched 
The Probabilinicgs ARE EQUAL. IT Is Twis Kev POINT THAT 
WE USE TO coMpyTeE The Probability Cn. 


What we WANT TO Show 15 for WhAT ProbAabiuiTy fELATIONShIp 
wth DMoeS The WAWNSINON STOP. Consider for Simpuciry A 
TWO STATE SYSTEM ©, ANd Ev fied especnve PObAbILITIES 
Qi fwd Pv. TO be IN EACH STATE. fissumMEe The ESTIRESYSTEM 
sMAYTS AT ENEROY G What ave THE NUMber of STATES AvAILAbLE 
T The sysrem® If The System StmrTS ovT il & Thew Thess 
PossibLé STATES AVAILAbLE IN fANnce A 15S N(G-6.) A. Simitarey 
tor The iminnte Smite of Ev There Are NCG@ -éz) A STATES AvAILADLE. 
TO be IM EQuALIbriUMm THEN We MUST CTEQUILTE THAT 


?, id N (€@- €1) AY 


Pz N (G@-&.) & 
kr 
SINCE N% RA or MOre ExpLiciTY N OF where Ris A 
CONSTANT depending VPON Tre particles OF The bATh (18. & mowaToOmic 
CAs €Tc). Then 
A < (¢-e,)* 
Pz (G@ -Ez) 
In GenerAlL G>>? Ec So ThAT k 
MO 1 Cle Se) 
P 2 
7 Ets ey) 
nH -xX tp 
Usine- The LimiT veLAnonship of (17%) = © r lAarce N 
we have MAT -Gi Ry, 
Cy. e 
eB ee (ea 


BY Dehwninge kRT= © ps The evercy Per deoree otf 
freedom We arrive at K the Answer 


~ Gi /R: 
fn 
Pr e- 2/RT 
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36. MeTHops AND PROBLEMS oF QUANTUM ELECTRODYNAMICS 


Now Thar we have AN UNAIETSTANDING of The Quftntum PproPéerTes 
of f& hfrmonic OSCILLATOR WE ATE NOW YéefrDY TO Move On TO More 
diffvcutr Proprems IN Quantum ELecndd NAICS, 9.E.D. BuT before 
We move INTO The Probiems | WAWT TO MAKE sore YOu UNdEeTYSTRNd 
The Methods of our ANALNSis, 


WE AYE CoIMG To be discuSsime The ProPernes of CLECTYOMAGNETIC 
Ad veTION IN fr box fd ITS INTECACTION wiTh ATOMS ALso im The 
pox. TRE dimensions a® The box ARE NOT CriTICAL Simce we Will 
EvewTy ALLY Cer The dimensions Go TD INFANITY. Now The 
behavior of The vAadiATNON IN The 2” 16 best AwALYted IM 
Terms of A SomMMATION Of OSCILLATORY MOdES Which behAve 
CLASSICALLY AS harmonic OSCILLATORS Eth With Frequent? Wn, 
The Evercy IN Etch Mode 18 JUST KRwWn. Whew There 1S ONE 
vwir of ENGGY, Fwy, IN The box we SAX THAT There 1S ONG phon ow 
msidg, When The evevc? CONTENT 1S UhwW,» Then There ATE @ 
Phowowsg inside, ETC. The EM fietd Thus becomes JusT A LOT 
of CLASSICAL OSCILLATORS, BUT We hAve To becARETWL Since 
QUANTUM MEChAMCALLY Tree cach Mode has A tero PONT 
Eewercy of ia RWo. Since There Are fiw InHwiTe Number ot Povsibre 
Modes i The box, IT LOOKS LIKE There is AN INFNITE AMOUNT 
OF GNERGY INSIdE - Even If The S¥sTem IS iw ITS GrOUNS STATE. 
SomMeMinG MYST bE WONG! The resT ENEYGY CANNOT be infwire. 
Im ORDET TR CONTINVE OWR AWALYSIS WE WILL 41% The Problem wiTh 
imfiniTEe resr ENERGY bY SvbTY ACTING T QwAy. in othe rwords 
WE PMAGICALLY ShifT The EEFO POINT ENERGY by The AMOUNT 
Yu Rwe. 


The reat Problem we Are omisTING by This vedehnition oF 
The EeCO POINT ENErcy 18 The Problem ot AM INCONSISTENCY 
WITR Gravity Theory, So fay We don't HAVE baw’ A Quftwium 
Treort of cevaviT?, Thus we dow'T Know VoALLY WhAT We 
Are SUbTTACT NG AwAy whew we TAKE OUT @ ahw in The 
EMercY Level, Since There isu'T & Good Quantum Theory ot 
Gravity we SsusT sebtractT Awht The Problem by NOT WOYVYING 
AbouT aT. | dow'? mMefn TO A imPLyY TwAT mis tS VALID 
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TRICK bur rathey The iNfiniTe fesT ENETeY Problem 1S SYMPTOMATIC 
of OU GeWerAL HA IGNORANCE ot WHAT HAPPENS IN The realm 

of very SMALL disranKes, LE. LESS Thu 10'Tcm And jor very 
hich frequencies Gverrer Thiy Grammar VAYS. QED covld be IN 
TroUblLe As The treguency fpproAches @ inhwity bor so tay 

The Tneory works WELL UP INTO The GAMMA CAY jveqvavcies 
so WE Keep WING IT. ONE REASON WE CONTINUE TO VSE The 
TreoryY iS ThAT AS 7ERE we have nor found A physic Al 
Process Which iS Sewsistve T8 A hich treguency Cut oft 
POINT. IN OTher Words To PrévewT Tre INAWITY trom oOccurrine 
we frebirvary cuT ott The fregyewcy AT Some Laree bet hwnite 
VALUE. The Piece WE Throw AWAY TAKES WiITh IT OUR IGNOYANCE. 
however Throwinc AWAy ThAT LimiTNG Piece cAvses difhcunes 
In THAT Tre ProbabilindeS NO LONGEr Add Up TO ONE. The 
REAL QvuesTion iS wf IN The LimiT ALL The INCONSISTENCIES Awe 
WhMITIES disoLve AWAY IN The GXALTNESS OF A COMPLETE TheoRY. 
IM summATY Then QED SeHeRS ExPeriewces The followiNne 
UMIQvE ProPpernes, 


(i). There Are INFINITIES doTred .Throuch The AmALY ses 
@). we dow'T Know The SiomificAwce of The inftaminies 
(3) Nor do WE APPREGIATE The LACK of sensimvetY ot 
ALL PhYSiICAL Processes so fir cowsidered Te 
These hich frequenct curofts. 


WhaT we Eid YP With tS Sort OF LIKE A shell Game 
where We Keep Shu FLING The problem Around UNTIL IT 
becomes TOMUY CONTUSINY TO The ObSETYER And he 15S 
UNAbLE TO SELECT The CorrecT Shetl FO LOOK YNder. The 
TheorenrscAl Phi sicisT , PLAYING The ROLE AS The TOWN 
ChARLATAN, MIGhT ChAGYINNED some dAY TO tind ovT THAT 
Some one gTore his pea CProbLem) ANWR ALL The DME 

he was in fact feoline himself INTO ThiINKING& he 
KNEew WhAT he wAS “pDoiIne. 
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ZERO POINT ENERGY 


WhAT Then of These 


infinines ThaT bother vsS2 Row cAN 
we SCAL 


With Then fiid STILL FEMMIN KNQwLedGAbLE AbovT 
WhAT Wwe fre doING. The Problem 1S To BUNdERSTANd The T 
SUMMATION z luh Wo which 1s Adding up 
EN erodes for Eth of The 
Ave A 


AN 


AtL The Zero Point 


Modes IM Mme box. BEcAWE Tere 
whwite NUmber of These Levels we CAN TrAndfeorm To 
INTEGYATION Over ALL FreQqgvenciéS 


oD 3 ' 
4 uJ —>? a Vd Ik = Ba 
= -s ), cant 


The 2 ovT tront ot The wreerAl TAKES 


POLAYItATIONS 
NExT 


In The TWwo POSSIbLE 
of The cround sTATE. WhAT 1 


AM COING TO DO 
IS NOW ShifT Te Zero 


POINT ENERGY bY AN AMOUNT 
EQUAL TO The Eero POINT ENEVGY oF ThE VACUUM LE 


Zs st 
FR We yac Si “Ale 
SINCE K= NW ~ Nel for AVACOUM find C=l é by detimwinon. 
nN 1S Tre © index of Retracnon of The vacuum. 
The INTEGCYAL WE WANT 


TO EVALVATG NOW becomes, 


a dK LK ( w - IKI) 
’ (en)? 


WhaT we have doné IN €SSEncE IS TO INJECT INTO The 
CAVITY Which IMTIAL WAS A pore vacuum, A very diffuse 


hydrogen CAS Cus, A boweh of WEAKLY Coupled hfrmonic 


OsciLLATORS). WE Are NOW Gone TO nd ovr 


ROMS INTErACT WiTh The EvecTro MAGWwEeTIC Hetd 
WAY AS TO 


how The 
iN SUChHA 
Shift The frequency spectrums of The Atoms 
IN such A way AS To ResuLT in A fedefhninon of The téro 
POINT ENEFGY, Ls. frequency, The hydroces AS hAS AN iNdEXx 
of refrALNoM TN Which 1S PrapORTIONAL T° The Number oF 


ATOMS iN The voOLUME, ns, ITS dewsiTY AS WELL AS depencine 
UPON The 4reguency of EM- held w, ie, 


n°=£ = BS Gta) 

Vv 
REcALL This formulA trom VIL UW PACE 179 where 
laid = 0 
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WE Showed jm The Previous Volume CP.169) That tor a Very 


¥ 
Where for A Thin GAS ws IKI wWhile Kans Fnwe=n WE ideas > 
Therefore 
bos WIKE = (Y= Nace! ) 1K 
Vv 


WE See Then MAT Tr@ frequency w does in ACT Shidr 
SLIGHTLY as iT “INTEerACTS” WumtTh The vRCvuOn, Retivaince 


Thin GAS Th AT 


Now TO ovr INTEGYAL WE have TWatT 


of" eV gw Cwm) > 2 (OU ad ih | ms wiageny 
a eae S 2 =n? Vv 

=Nf ie IKI gk) d 3 ik 

; (en) 

This YeSuLT 18 IMPOrTANT since IT TELLS US The AMOUNT 
OF EXTYA ENETGY IN ThE box AFTER The ATOMS ARE INJECTEd 
The ExTvf EWEere? comes iN HOM The ENEercy of INETACTON 
ot The ftom Md The ELECT HheNnenc Freld of The vacuun. 
ReEwrinNG This WA LITTLE dyfterewt Form, 


00 
ExtvA ENERGY YY - j Ke gt dK 
ATOM 2 
For # Thin GAS WE NOTEd TraT gtk) aa /2 30 The (NTEGrAL 
K> 


diverceS AS A QuAdrATIC., This fwite ewercy Per ATOM 15 


Tus The difference berween The wWhwite evercy in The box Bue To 
he Ams rest evercy MINUS The mREsT ENereY due TO The vacuuM 


IN The box, 


Ths StIGhT EnNEeroY Shift IN EAEh Gwercy Level of The ATOM 
is very Stet ditticuLT To Observe. The AvsT TME IT WAS Observed 
WAS The StichT ANOMALY IN The hidrocen Spectrum between The 
Cs fr\d Z2P STATES, The 2P stTE IS 2 fed deG@eneraTé wiTh The 
Eweroy Shift called The LAMb Shift. IT IS This correcrnon due 
To The IwYérAcTOn WITH The ELECTYOMAGNENC Field. It Is The 
Correcnon To The dirAc EQUATION And wmes trom The Béro PONT 
Morton of The S¥STEM. The difference IN ENErcy Léveélts iS Given by 

Ales» -&s) = J Wak L grr) ~ gusckrd 
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IT IS AMAZING how ACCUrATE ThE NoN-TELATIVISTIC CALCULATION 

IS IN PredicCNNG TiS ENErGY difference. The Theor? of oScitLAtors 
WORKS wert up To GAmmaA ray TreQuendes before iT IS NECESSATY 
To determing The g'A by pair ProducTON METhOdS. IN This 
EXAMple The dependence of on K IS Propormonal to 'iK4 
SO INSTCAd of A QuardraAnic diverenGénce we GeT A LOA rithmic 
ONG. IT [s ALSO INTERESTING TO MOTE PoAT The ANALYIS JusT 
OUTLINED 1S A Precise in DETETMINING The LAMb shift AS 1S The 
ay fh\curt mprroAch of deTermininG The self -EeReroy of The 


ELEcTroN Aid WOFKING dUT The dirke EQ VAMION wilh A ditterenT 
HAMILTONIAN. The results fire The SAME. 


There 1S ONG (IMPORTANT POINT ThAT musST be made TeECArdine 
The Observable NATUIE ot ThiS Eewercr ditterence. If INITVALLY 
ike Kons. ME brooehT Hom O0T S ide OF The bon trim SoHE 
STORAGE PILE Then The ATOMS have WhniTe enercy SIN CE § Ke gcKid & 
iS inhnire. Therefore The ‘ga will be The sAmMEeE ANd The oe 
ENeroY Shift 1S NOT OdSErVALLE. )+ The fitoms frre IN The box 
minmeArey ANd Are AT difterewT LevelS Then The gia sitll bE 
avtterenT SO AE IS MeRSUrAbLE JUST bEchusEe Fou Move The 
ftom Around. IT Sounds sTrAWNGEeE boT ITS The wAY Thines 
work out. AnoTner Thine ThaT MAY SEEM STRANGE IS THAT &GVEN 
\4$ The box 1s “dark” There ts STILL A PeObAbiLiTY ThAT PrN 
INTET ACTION WILL TAKE PLACE. JusT bechuse our EYEbALL IS NOT 
SEEING pnd ELéecTromAGnenic held Inside The bow» dpesn'T prectde 
A tiered From bane tN There. 


ELECTRON - POSITRON ANN) HIL ATION 


Copsider WhAT happens When AN ELECTTON fwd POSITRON 
COLLIDEe. SINCE EACH PAYNcCLE hAS MASS mct we expect The 


qOIAL ENErGY CELEeAsSeSs TO be @me* The MASS M is The 


rom, PATTCLE mASS ANd 15 Tre Sum ot The rest MASS PLus 
The ELEcTrOmMAGNETIC MASS ASSOCIATED Us\Th Fi€Ld INTERACTION , bE, 


-b 
m= Mo + ane’ | KdK 


° 
where we Subsnwred for gtk) - 4ne*. 
KB 
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UnforTUWATELY The mASS 1S INHNITE When The INTEGCFAL 1S 
EVALUATED. BuT we witt cuT off K AT Some MAXIMUM VALUE, 
Kmax Such ThAT Kimanx 


m= mo + 4ne*S, Kd 


Mo iS cALLeEd The wormaAl MASS oF The PAYTicLe WILL The 
Secowd Term IS The ELECTYOMAG NETIC MASS. RuT was 1S Moe 
We CAN'T MEASUTE Mo AWY WAY WE CAN ONLY deTermine The 
PAYTICLES INERTIA Which Gives US The TOTAL MASS M. Nomicé 
However AS we Chfnce Kmax IT IS NecesSAyy TR ChAnGe The 
VALUE OF Mo SO THAT The TOTAL REMANS The SAME. You MIGhT 
be wonderinc Then If Mo CAN GO NEGATIVE, The Answer IS 
YES if Kumax - 00. Tris ARGUMENT SLGGESTS The possibiliT? 
ThAT The QED Theory EveWTVALLY LEADS TO INCONSISTENCIES when 
The LimMiT 1S THKEN. Mfybe The concepT of NEGATIVE MASS 
WitL force US to modity our Theory, 


The Theory Runs muTo TROubLE AT The very hich frequencies 
Are AT VERY SMALL dimensiowS, IN Order FoR The WoRld TO be 
CousiGtGvT WiITh The cCuToft ide iT MUST be Made vp ot 
Tiny doTS WhoOSE dimensions ATE CONS TENT WITh The cor off Frequency, 
Bur Al§o Allowinc for such finite STRUCTUTE Propernes of Spfite- 
TimMe must AT The Same Time be consiSTENT WITH RELATIVITY 
ProbabiLiTp, CAUSALITY, ETC. The Theory Witt have TO be very 
CLleverlY contrived It with Néver be developed by fm hit 
or MiSs TECHNIQUE AS IS OFTEN The CASE With EAGRR POUNG 
Treorennca~t PhysicisTS. OFTEN THES These yoowsters hefr Thar QED 
IS IN Trovblé IN Some ExptrimenTAL AS pecT So Thay SET OUT 
To reconstrucT f& New Theort which wilt ExpLMIN The difticurnes. 
Rut The wAY TneY bo IT IS So’ ot7TeS TASTELESS ThAT | 
CRINGE Whew | Gee WHAT They Are Tone. AS fw ExAmple 
NoThene 1S more Simply beauTitel Than The Sorm of The 
HAMIL TO Mt APN Wi 4 pt rh weg? 7 2 hw 
When fi STUdENT brashly screws This up bY ADDING a q? Term 
Or SOMEMING LIKE ThAT | reauty GeT YPSET, This IS) JOST 
TASTELESS, 
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ON THE SIMPLICITY ot NATURE 


NATURE 1S veRY CleveR ANd Very SUbTLE. She Seeks To 
Minimité The ComplichTnoNs Ad AS f FEgULT PhY¥Sicht LAWS 
CAN PRKE—Tre very of TEN be reduced TO Simple “AThemATiche 
EQUATIONS, Modifttuc These SIMPLE EQUATIONS To OBTAIN A 
ditterenT physicAl RESULT Which IS Obseru#ble Awd frre “MoRE 
ACCUVATE REPTESEWTATION OF The REAL woRtd ALMOST REeg—uires 
Tne work of AN AYTISAN. MAN 1S AbWAYS ContrOoNTed WITW 
fee FrichTav ING FESTTICNONS When he ATVEMPTS TO ConstrucT 
A Néw PhYSICHL LAW, The obvious difticul TIES PRESEeNTEd by 
The LIMITATIONS Of HiS OWN Brmn IS toemoST )N The picture. 
BuT IN Tne LAb he SEE A WOTSE MESS, DIRT GETS IN his 
APPAYATVS, he WAS To PUMP AIR 0UT of Wis TEST Chambers, he 
S\GhTS fu’ Every EXIENG baATTLE WITH EWVIFONMENTAL FdCTORS 
which cheawec his RESULTS Awad Thus Create dis AGrEEMENT 
with his Theory. TRY To visvAlLité Someone & Predicnne The 
behavior oF A ThonderstTorm If he Never SAW. JUST IMAGING WhAT 
(oES* ON: The SUN'S INCIdeWT heAT CAUSES CORRENTS IN The 
ATMosphere Which CAUSES EvAPOFATION of WATER ANd Then 
ChhuGes IN Pressure AWd TEMPErATUrE Lead TO CONdEWs ATION 
ITD Clouds td Then CrLEectrosTétic Charee rettch A 
break down POINT Sudd GdLY FELEASING TREMErdousS QVANTITICS 
Of eneroy AccompLied bY The down FOL ot RAIN 
oR ,Pethfps, The beAvTe OF A SNOW TALL Which The 
individ vALITY OF e€fCh SnowsLAKe. No man coutd have 
EVER have drehmed A dream LiKE ThAT IF he had NOT 
expenencéed iT first, AS WE CONTINVE TO PUYSVE ALL ASPETS 
of Puce SClewce we shodvold be moTvATed bY TiS SimpurciTy 
Ans bem? of mvrewhich is ALL Around US, Whee WiTh Some 
IMAGINATION ANd CLEVER ThinKING We Will ONE tH DAY 
UNdersTANdG WhY We fire here. 
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27 A PHILOSOPHICAL NOTE 


Niels Rohr once SAID There Are Two Kinds of TRUTHS, There 
ARG ORDNATY TruTHS fwd Then Trere Are deep TRUTHS. AN ORIN ATY 
TrUTh IS ONE Which The conTRATY IS TRLSE, EXAMPLE: The House JS 
GREEN fad HE house IS NOT Green. CLEARLY ONE STATEMENT IS FALse. 
Now A deep Truth IS ONE IN Which The CONTRARY 1S ALSO A 
deep TYUTh buT NOT NEcessAryly FALSE. ExAmplLe: Mfn tives Td 
Serve God; or MAN does NOT L¥e TO Serve God. OR perhAps, MAN 
is NOT BwuUST A MACHINE And MAM IS JusT A MACHINE. There 
ARE MUmMerous Such &xXAmpLés oF Such deep Truths, Think About 1 — 


INTRODUCTION TO PERTURBATION THEORY 


WE HAVE bEEN LEARNING ThE bAsIC MAChINGRY OF QUANTUM 
Mechanics. we five TALKEd About The free PATTICLE behAvior find 
how We USE AMpLiNNde whve duncNONS TO PREdICT ITS bEehAVIOR. 
We SWdied The ProperNes oF SCATTERING Aid QuaAnTUM ANGULAR 
MOMENTUM THEORY. REENTLY WE discussed The QuUfnutym HARbONIC 
OSCILLAR OR. WE Would NOW LiKE TO APPLY ALL This Power WL 
MACchiInNGr? TO SOLVING MORE COMPLICATEd And MORE REffLITTIC 
Problem. Dur BASIC Problem witl bE INVOLVING INTEFACTIONS 
be TWEEN OSGILLATOPS ANd EL&TrOMAGNENC helds, We WANT TD 
work OUT some OF The resuULTING EMERGY LEVELS for Such A 
Systems. Ta becin we NGEEd ONLY A few simple TPOLS; one 


beine The Schridincer GQUATIOM foR The ME independeENnT 
HAMIL TOMIAN ). €. 


H1Q, > = En] Gn > 


Where The wave fyucnows Qn ARE ORTHOGONAL SYbJEcT TO The 
Cowdinon ThAT LQ 1Qu > =0 


These Two SIMPLE POINTS ATE VERY \MPORTANT TO ReEmewbeR 
because They AYE very Useful. Aow we won'T CONCERN 
OvrseLVeS here WITR ANY OF The COMPLICATIONS ARISING 
From A MON-LINGAR OSCILLATOR. IN GénerAL The Non ~ Linenrines 
Ave NOT VERY  IMPOr TANT duT MORE honesTLy vert tew 
PEOPLE hftve Succeeded IN WOPFKING ANY None LINGAR ProbLens 
ouT EXACTLY, 
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Since ThE mAQOrITY OF QUANTUM MeEeChANICAL ProbLems CANNOT 
be solved EXACTLY - EVem LINGAT ProbLemS = iT 1S OFTEN AdvAWTRECOUS 
To fePLyY Physich#tl Ad MATHEMATICAL APP TOXIMATIONS IN Otdér Td 
obTwhin A NEATLY correcT AWSWER. The AbiuiTY To wisetY APPLY 
APP TOXIMATIONS AT The APPTOPMATE TiMe iM Solvime A Problem 
Is A Great coitT Ad ONE Ushich Everyone Shoutd Liter TO 
Acquire. The cenerAL Method OF ATTACKING A Problém IN 
QuAwTUmM MechAwic 18 TO APPLY PerturbATION Theory. 


There Ave TWo TYPES OF PerivrbATIONS Theories Which cAN 
be used. There is The TimMe-INdependewT ANd Time - deperdint 
Problems. The Time- independent Problems seek TO fid The 
STAMONWATY EI~ENSTATES Ad EIGEN VALVES oF The hAMILTONIAN HK. 
BY A TIME -INDEPENSE CWT HAMILTONIAN H WE N&essArityY ATE 
dEALING With AN iSOLATEd SYSTEM, OME Which IS NOT INTErACNING 
WIiTh ON AdUACENT SYSTEM. Such Aw ISOLATEd SYSTEM CAM UNdEr@o™ 
A TYANSITION beTWweev sTmonfry sTATES IF The system INITIALLY 
STArTed OVT IN A STATE yphich WAS NOT AN ElGEencsTATE oT H, 
MosT sysTems Are NOT ISOLATEd from The EXTERMAL WOR so 
TWAT TAWSITIONS beTweew ditberenT sTTWNATY STATES CAN 
Sdccur When SUBIECT To EXTErNALLY APPLLed distur bANCE. SUCh 
Problems AS PAYTICE COLLISiIon ANd AECAY AYE represented by 
GATE NAL INTETACTON SorceS. SOLVING These” PrdbLéems iS of More 
INTECEST ‘buT INVoLVES TIMe-dependert ANALYSES Which 15 
INhercwTLY More COMPLICATEd ThiWw The TimMée- INndependen) Problems. 
WE Twere fore wilt be dEALING PrimATILY with The Time-dependent 
Pelucbfinon Theory, 


SEPARADLE SYSTEMS 


COMMION TO boTh TYPES OF PERTULT DATION Theory 15 
The id EA OF SeEpArAblLE hAmilTONIANS. When we wriTé The 
TOTAL WMI LTONIAN H In Schrodincéers EQuARMON 


av. HY 
é t 
\T 15 compose d OF Two PAarTS. The wave fowcTiON yw 1S GiIVeN 
-t En R 
by e wae Qn > tor The Timé-in Jd épevden TT CASE , And FC, ert ids 


for The Time dep eWdevT CASE. 
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The HAamLTONIAN HE IS) &%Presseéd AS 
H= Ho tH, 


iS The UNperturbed hfmilTonifN Which we POSTULATE 
we KWow how To AccurATELY déhne.t Hi 


hamitTonip Which has ITS 0oWSe EWErCY 


where Ho 


iS The weAnk INTErACNON 
SPECTYUM, CALL 1T Gaim, 


wave funcnon) We tnd Ws etch 
FESPECTVELY, THE hfrut ton if 
He Witt only oPperATE ON Wo while HA witl oney opente ow Bt 
Yr. The Wo Pieces of The HiriILToONifN OPerATe ON ditterenT 
PArTsS of The whve fuwcnon. If we Now dehne some Super 


wive juwcnon i) Which iS f& Funcrnon of The variftbtes 
of The s¥StTeémM Then 


HIO> = CHathHo)IOd> = WIO> 
where W 


1S The composétTe €werey spectrum of The sy¥5sTEem. 
GET LETS consider A héetium ATOM WITh TWO eLELTrONS And 
Nocléus, The coordinATes 


Therefore There Are Wo SeTS oF 
WIT ewercy LéevelS Eon Awa Gime 


Just fs 


oF The Elecrvons Are déewoted by 

CX %, 30) fmd The Second ELECTYON by (Xe, Yr, Er). IF WE Consider 
The Nucléyvs To be of FamTé MASS Then IT Will move ANd have 
CoordINATES (aw, Yn, Gm). Therefore The harultonifty 15 


ae ey Ee ye ee SE ee 
em ume Zmn fey flan Rom 
Schrodincers EQuAMon becomes 
_** L hs z > 
im VER EP = Bn VP = EQ Cm 1,B, He,t, ba, Xm, Tm, bn) 


Im Tis HAMILTON AW «The Extre® Term He IS ASSOCIATEd WiITh The 


AXwhmychl YESPONSE OF The NucLEéuS TO The motion of The ELECTRONS 
frround i¥. Therefore 


u u a 
is BP ep i ef = 

Umi cme Tie 

And 
H, = Pu” = ee* = te* 
Lmn ruin “TeiM 


IM The LimoT AS The NUCLEPR MASS Js THKEN TO bE IN-NITE Then 
Hi =o) And we Are LETT With JusT Re. 


ho4 


The Point of writmce ovpT H for The hetivm ATOM JS TO Show when 


Lowrie Q(x, %) 1 fm MAKING A ShorThAwd NoTATION For 


The IndéperndenT VAriftbtes CONTRINGEd IN The SYSTE&. 


IN Ordér To see how HIG> Produces 


Wid7z AS & pressed 
éfrlier LETS try 


A COmposiTe Whve tuncnon of The form 
° ‘ 

@ 0%, Ks) Qn Crs) Ym 4) 

We Gvuessed AT The Product form becmuse of our Girbiér Work 


IN FHmptitudés, FLuGGiINe GQ int The wbove €QvANN 


HIO> = (Hot HJ (1Qn>1 Qa y) = Me Qn Pm + He Dm = WGn Pm 


Since Ho OWLY OPERATES ON q:. Aud Hi only 


oPGFATES ON Ym, WE 
hfive 


Qe Hoe + De Him = Gm EnGit Qe Em Po 
Ev fxd Em Are JUST Numbers $0 ThaT They CAN come oOvuT AS 
(Evsem ) Ow Qa > W Oe Qu 
ww > Ey + bs. 
TheretoRe The ENERGIES 


30 THAT 


fidd Whilé The whvetuNcTIONS MULNPLY, 
IMPORTANT PrOPErnes of SEPHRADKLE SYSTEMS Which 
We WILL VSE IN MOLE COMPLICATEd ProbLtem. The Key PoinT 1s 
TWAT The Witt ToOnIAN fINd ENErGY SPEcTruUMS 


This is A very 


Are fiddinve. 
TIME-DEPENDENT PERTURBATION THEORY 


I'd LIKE To TALK fArbouT The NME-deEPENdEWT PErTUrb ATION 


Theoey becpuse iT hAS enormous PRAcTIcAL UTILITY IN Quam 


MechAwic.IT comsntTéeS The Under PINNING Of The AWALYSIS ot 


ZU systems fre APATT OF WEAKLY COUPLEd ThrovGh A slic¢hT 


INTERACTING tietd. A TYPicAL exAmPLE 
IN THE CrouUNd STATE WHILE 


1S ANES® SYSTEM inimALLy 
Another if in SOME ExCITéd STATE; 
iT somé LATER TIME The TWO SYSTEMS CAN INTERACT ANd 
TRAWSFER ENERGY, The Problem is TO heure ovT The Probabilily 
TWAT The TrANSITNNON WILL OCCUR, Such AN GXAMPLE Would bE 
fe CAVITY RESONATOR CONSISTING OF MILLIONS Ardd MilLiOWS OF 


WATMONIC OSCILLATORS Whith CAN INTerACT WIth Some ATOMS 


IN The CAVITY To uvdergo AW AbsorpTon ot A photon or 
Per hfrps , nT A PhOTON. 


ROS 


AGAIN WE will be conceRNed ONLY WITh TiIMEe-IN dependenT 


himicrowiAms init ALLY, Le., Ho # Holt). This mcaws The STATE IS 


INITIALLY =PrePpfAred bY The CyperiMeEnT er. The will however bE A 
TIME SEpendenT 


Piece otf The HAMILTONIAN, CALL IT Hn, Which 
Avises trom The 


The vary inc INTEPACTING field. THE TOTAL 
AML TON IAN IS) TITGN 
l¢ = Ho tr H, &) 


fitd The SchvodinGor ECQuATION 15 
-¥% a HW = L Ho + H, Ct) y ct) 
vl 


WE with ASsuMG AT tiMe C=O WE KNOW PreciSELY The 
sTHTe of The SPSTEM TO bE Wt) > WO) At t70. We 


WANT To KNOw WhAT STATE The syoTeEM Will be In AT SOME 


Later Time t. Now Ho describes TWO NONINTEFACTING SYSTEMS ANd H.lt) 
aeéscyr;bes Their MvVAL INTETACTION.- 


We will Sotve Tnis 


Ra PYObLEM BY USING AN UN PECISTRIAN 
APETOACh. FirsT we wilt 


SOLVE The EST Problem, }.<é., 


KY = He Pit) 
o gt 
bur Te sotve Mis We Need To 


Lets TrY The soluTon . 
-4%,% Ho 
wit) = e yoo) 
IT's NOT JOO DifficulT JO SHOW This 15 A SoLUTNOM boT 
WhAT The hell does iT men e-Mn tho? WhaAT IS AN 


OPErfATOr AOING IN TWe-EXPONENTS WELL 1+ We Cxpdnd The 
EY POWwenNT 


Kyow wWhaT Wit) IS. WELL, 


IN fr POWEr SPRICS The opéerATOn becomes 


clenr Since we HNow Whit iT Means To OPERATE WiTh Ho 


once, Twice, Thvee Nimes, SFC. 


Now if Ploy is JusT Dn Then wovldw'T You expect THAT 


~Ue t -¢ 
lias Qn would Produce e “et&m Ont Sure You would 
because Ho Qn = En Qn. let's see if we cam Prove iT, first we 
Know TAT 
gvathe 2 y- Leno 4 b(-2t)*He He 4 (-£ t) HoMeth t~ 
h zs ik & ew 
Then @€& WOT, P roduc€s “66 
: a 
n= fy © ody # Cd HoGHeGs) + Cod Hote Cte ge) ans MY, 
En Qn Ho En Qn ae 
—— SS En’ &, 
cr *En Qn =a a 
bi Qn 
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Now FhAT we YNndersiitd WhAT The SiMboLS MEAN WE Should 
Prove ThAT Wit) = e” ht He Wo) is indeed A SOLUTION TO Shrid- 
InGcer's EQUATION - So LET'S SEE; 


-kKa~Y 2 1K: “Ht He yy] (t) 
< at ae Pal ~ Ho? 


Prey easy huh? BuT fou smuL MIGKT be wondERNe 1f WhAT | ‘did 
WAS MATHEMATICALLY (CeeyTiMATE So I'LL Prové iT We hféve Td 
differewTWATE The Power Series ex p MVSION For Pte Ho 


fa wld _ cyt Lies Jax FR 
ee 8 EL em FE tee #2 bey eters [yo 
HL b= the + eit (- St) eH ee a d Yoo 

> Ho e ths wo) 2 He yet) 9 ED 


The NorATION HERE 18 SAireY SimPLe but iT IS hAtd TO feure 
OUT WhAT IS GOING on. Now JT 1S NECESSATY TO SPEcifY The 


form of WO) which cht be done mosr SimpLY AS A power Series, 
Win > Z Cp ?, 
where The c,’s Chin bE FOUNd by ProvecTING WO) jNTO CAch 


Qn AS Cn = < Qn | co) > 

This Tren Specifies The iniTIAL STRATE O The system buT IM cenerhe 
Lt) IS Given by c -%h t He _ -7mt&n 

y Vit)= Elne Go = LGe ds 


So far we have JUST Concerned ourSeLves wiTh The first PART of 


The hamiltowitn, Ho WE MusT MOW ‘sonSider ThE TMe de PeudenT PATT, H, Ct). 


Our Problem 1S TO SOLVE The SchridinceR EquaAnon 
With The TIME dependenT Prt dot The hAei LON. The Solu TIOM will 
be of The GenerAL form . 
put) = | gthlo LHe s H. ce) ] dt {¥co) 


BUT WAIT we cAn'T Prové This SoLUTNION IS correct AS WE did LAST 
Time. Ths happews dbecAvse in General if A Add BR fre TWO 
OPEYATORS TnhEN ai? oh ef a5 
If A Awd B fre NON-COMMUTA TIVE, é, CAB-BA) #0. So we 
have TO Go AeouT The Provf ANoMmer why, We won'T do IF 
JOO ECLECANTLY SO NO DNG GET LOST IN The MATh. 
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| AM GoIne To TRY ANd Sotve foR Hi SubNEcT To The 
CondiINON THAT IT tS TO bE SmALL. | will TRY 


oF The torn Wit) - wva® Ho Key 


Where Z(t) 1S A StighTLY Perturbed w*hvetuncNoNn trom Yu). 
SUbsNTVTING THiS DIFECTLY INTO ScChrédincers EQuaATION 


vid Wit) = ih a [eth Kit)( = He Xce) elntte yp eM Moncey 
et act 


The SoluoTON 


. ot 
= Ho Plt) + ck e “hte ait) 
Now This must equal (Hot mM Ct) ) Wit) = CHot Hilt) e inthe X tt) 


Therefore we have aw EQuATION for Hilt) 


Hidt) = ih 3X) 
Xt) at 


3 ‘ ! 
OR xb i ltidt 
Xt) = e Y/%, hy H, Ct) 
The ALTeErMATE WAY TO &PrESS This ditterennAL EQuANON Is 
‘ YetH yt Ho 
eh OAM) =e eo" Hehe Ke) 


ot 
This is Almost A SCchvidincer SQUATION Fo Xt). IF we define 
A Néw hAmilTON IAN 


dtu - “Jn t Ho 
ta s eo ™ Bee 
we wave The SChrédincer €9 LUATION 
~% 8%) 2 Hy ct) XCt) 
ct gt 


This 1S f& very UsefuL EQoAMON dbeEechuse IT TELLS how The dismr bance 


PropPAGATES WIiTwh TIME. From The fbove resutTs 
ThaAT IF YW satisfies 


thoY - LHe +H, cer] Wet) 


we CAN conctvde 


Thew pit) @ = a Matis ~p wilt SATISFY, 
choy’ = wy, lepp' 
To S€E Tis sobsnTTé for : oki Sethe tthe Hs 
ok 2 fe emp] — H. lt) e = Y 
tk [ie “> e /AtHs Ww 4 e fh tHe op . oe int He ce) p 


. - . rs t Ho 
2 one He lap pike htt aw Le th Heit) Y 
Divide Trroveh by ef /htH and 9° YOY AN GE 


chav = Hor Heth [ W Q.&.d, 
at 
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In order To Figure 08T WhAT H,‘Ct) represents we NEed 
TO WoRK ovuT MATYTIX ELEmewTS; The MATHIAZ ELEMENT GIVING eR) 
US Fhe TrAWSINOW Probabilities. IN Gewerfe 


* 
1 Om A I, d vee ? Ln LAIGn> = Anm 
In our cASE A = Hilt) So THAT 
i Yet H -£¢ Ho 
J Pun H, (t) Pndvoe = j dnt @ ee eel Qn dvol 
ry, -f ¢ ° sé Ext x 

since ec Ath DO, 2 Mmten 9 And Ove avhtte 2. 7h Em Don 
Wwe have That ; <7 

j f gy a i Ene J Pmt H. tt) Qrdvour = ellnlEm-Enlt 10. 1 H.ct) 1 Pn > 


Now Physicaury yw! is The Time devetopmentT ot WY bvT The 
ProPAGATION IS MOdULATEd bY COMponenT @ hem Ent due TO The 
Presence OF Hi Ct) or A SMALL INTETACTON Force. ALThouch 
Hi lt) is in Geer RL WEAK The Phase Shift Could be gure rapid. 


Obviously tS Hilt) were NEGLIGibLE Then The Two SYSTEMS 
would Never INTerACT td There wW OuldN'T be ANYTHING OF INTErEST 
occurring. When Hilt) is smAtL boT NOT NEGLIGIBLE WE hftve 
Some wreresnne Physics. Suppose AT Time t2>0 We Specify 
Wet) Trecisesy 48, we KNOW woo and yo), WhaT Ovr 
dormulA SAYS That if We Want TO KNOW WhAT TO KpEecT 
o The Whve WNCTON AT SOME LATIET TIMeé t*> T Then ALL 
We Need TO CALCULATE IS 


wit) > oe” THs 


y C7) 

wilt) is w GeverAl A Power Series EXPANSION SUCh AS , 
yi le) = Wo' lt) + Wide) + Price) + py ct) vo Wn Lt) 

Where The teroTR Order Term Wo tt) we KNow EQoALs p'cd). 

We Are USUALLY  wTeresTed IN The fivsT order APPTOXIMATION 

Which TELLS VS TO WhaT ordér IN Ho we Need, né., FarsT ALSO. 

Our schrodincer GQYANON ‘becomes 


he LT weler + wee) 7 = Hy Ce) CL pect) + pce] 
ik a 1 yee tile) ] = Hct) LY cops pice] 


or 


og 


ThiS E@uAMON reduces To 
oh a Wilt) = Hcy woo 
ct 


Which cAW be inTtEecraATed for wp, tt) TO ¢eT 


Wilt) = - yw SS Hee de’ Poe 
Therefore WE have found ap tt) 7 farst order, 
V'lt) = ylo) = Ya Je Hicey de’ Peg 


lf we wawt wit) AT Time t2T 


we SimPlY inTeEocratre 
dt' between o And T. Ir 


1S A UMLE More Messy? To 
Go TO The Second order Terms AWd hieher buT They fre ohtmned 
IN A STymlehTHorward MANMER, For The Second Order TERM 


‘ eo Tv t i ‘ ‘ ‘ 
wpe) = os) Sox), de! ytle) Hct) YO) 
Tne Third order Term 15 


‘ ¢ T ¢ ‘ t' ‘ ‘ ' ‘ as 4 
ps) = - (-%) YS, dt |, de’), ge" Hit Hct’) Hct") yp to) 
As we SAID earlier for The QUESTIONS WE WANT TO ANSWER The 

first Order TERM woitt be sufficient, 


SO NOW WE WinT TO Fed WhaT The AMPLITVdGE will be 


Sor The SYSTEM TO GWd Up IN Some ANAL STATE Ws, of 


iT ws 
IWIDALLY PEPAREA IN 


SFAFE Some IiniTnAt STATE Wi. How do we 
CALcuULATE This. Well If we have The s¥sTem describabe 
by Mwave function Wit) we evAwATE iT AT Time t=T AT 
The Tme of INTEVEST fwd Then PrOovECT This waive ONCTION 
INTO The Anwar smTe We That we'd 
MATWEMATHQtALLEY Tris iS SAID 


2UF 1 Wie > 


| Should PoisT O0OT ThiS 1S MATHEMATICALLY EQuIvoléews 
To <url yen) 7, TO Prove THAT IT IS 


STH. ‘ THo ~Y_tHo Ypt Ho 
uP RUT) > = ce* “Pele "Dp >= aeele ” eV Y> 


LiKe IT TO be IA. 


= ee ee aT) 


Thats Our ANSWER, SO LET'S Do Tne WORK. 


Alo 


Let's Provéecr y'cT) 1 NTO ps (T) find See WhAT we CeT 


Z We) iT) > $s Z We IW > és 2 2 ve! | \ incest |v: > 


woNAL 
which cAN be RewriilTGy AS 


‘ R T ‘ ‘ , 
2p) Wct)> = < We) We > -£), dt 2 ye 1H, Ct) Pi > 


The fiysr Term OW ThE FiGhT 18 JUST Tre Ampiitde TS nd 

UP in The SAwAL STATE If There were no diSTurbANCE frrouNned. 
USUALLY IT 1S TAKEN Thar The insneAl Aw FNAL STATES Are 
OrThoson Ae SUCK ThAT <ps' liz =O And we fre INTErES Ted 
SoveeY WY The Second TETM ON The riohT. SINCE IT 13 A CRY 
ImMPorTANT CONCEPT ThAT we have deveroped heRE WE will CONTINUE 
To describe jw more deTRIL PhyscaAlly WhAT Is ConThined IN The 
INTeGrAL, You rearcy dow'T KNOW AyyThing whew Y04 SEE ALSTYACT 
formulas LIKE The Alcove. 


Tog further Understand what IS hAppaIMG we witl VSE 
Some of Our PATA INTEEFAL CONCEPTS Which we hfve developed, 
Let's prfiw A LITTLE DiIAGCrAM LIKE OW The RIGHT Where Wwe 


SsTAvT AT some ImiNAL STATE fwd ASK IT TO End UP in SOME wails 


Si AL STATE. STATING WiITh IMNAL AMpPLITOGE WY; The system 
deveropes iN Soch A MAwNEr AS TO GNd vp IN SOME hwae 
STATE Wr. However AT Some Time t fronc The way TheREe 
Appears AN INTerkcTin @ torcé which produces AN Amplitude 
for TrAwsiITNON From one sraATE TO AwoTher. The TrftwsiTion ! 
Like To Think of AS A ScaTrerisG Process. The Amplitude itl 
To SCATIEr Then hAS A PhASE ProPEOrMowAL To -¢ H(t) dt 

Where Phe dt’ SCATTGr YG OCCUrS OVEr A rAWCE of time dt. 
SINCE The scAMerine CAN TAKE PLACE AT ANYTIME BETWEEN 

0 pwd T we INTEC TATE OVEr ThiS RANGE. IT IS QUITE POSSIBLE 
That The SCATIEVING MAY OCCUr MOT ONCE buT Twice Three-time, 
ETC. The INTEGYAL IS ALL IN CLUSIVE of ALL PosSibLE INTECACTION, 
The AMpeide TO STArT IM We AWd END im WE IW REAM From 
RichT To LEFT IM The INTECTAL,1.2-, TIGhT TO Léft 1S Twe 


é 


Time Sevelupement oF The &¥ STEM 


~éHo(T-t) -YnCHo yy » 
CWsiWwer = ‘ LZ wysle iH) dt) e 1 PE> 


t) 


ZA 


dt 


If Two ScATERINGS occur Then we hAve The siTvATION 


Where ~ (CT) Ho ~ Chet) Ho (tHe 
Z2WelWe> = fe errs dt, <4ws|e "Hy ltr) @ Hi ctie lp: > 

IN This CASE we STAT IN STATE Yi Mald ProPAGATE AS T+ ¢ 
A ree parncle UNTIL AcTEd Oppo by The disturbance 

Ar t-t, which produces A Phase Shift Given by et 

Ri lt).c7 Cavtts . They The PATNCLE WNKMTINGES ON ONTIL tt, 
AcTed updw bY The SECOND SCHITETING disturbance 

which Produces AWOTher Phase Shidt Given by (ui, : 


H, (tr) e- COE) He) FINALLY “The PAvTICLe ProPAGHTEs ON 
propornonAr To eS tTYHdM As we Svee pAYTIclLé, The TTAL 
Ampiitvdé To sTirT AT & Awd ewd AT $ 15 Given by The 
PrducT OF The iNdividual AMPLINdES. The diAcran, Commonly 


cALued & FEYNMAN GiAGrAm AFTGr The Guy Who firsT deveroped 


Their vse, IS UST A Simple WAY TO SAVE You Ate The Time Grinding 
Throuvch These mess¥Y INTEGCYALS, Toete ISN'T Pes? Thine INTUITIVELY 
MYSTErous AbouT Weir Jorm ITS YusT ANODTher usétvL TOOL IN 


déscr sDyNGE These Kinds ot Pro césSéES., 


You hAve To be carefvl Thourh IN APPLYING The INTEGYAL 
EXPrESSION becAusée TIMG order iS CriTicAL IN describing which 
SCATTEVING occurs When. As Exfmpre consider A process described 
by The difte rim ow The righT Where There fre NOW TWO 
ditterenT TPES OF DISTUYbANCES OCCUrriNG , TYPES Ha fd 
Ha, say. H musT accur aAsrer He chrowolocicarry AS t=T We 
Sepicted. Therefore, The inTecralL MuST FEFLECT This Time 
ORdEV ING, |Z, 


HoLT- ts) = Yo Ct4-T, tt, 7 He 
Ws |Ye> = (-e) ai Ne dtadt, 2y;|e Ha (ts) € a “acta 
Cs ot Ho Tu We > 
t-Te. HL 
This iS The Amptitvde if Ha occurs before Ha buT There 
1S also The PossibitiT?Y ThAT He occurs before Ha. That CASE 
iS Given by 
ant Ure -¢ Ho lt -tu) -¢Holt«-tg) ie to : 
i), oa dtidts < ys] e Halt.) € Hatta) el we > Pi 


The TOTAL AMPLITUDE IS The sum of These TWO Amputedes WF IT IS 
NOT KNOWN wheTher Ha witl Occur bere Ha. 
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38. INTERACTION of AN ATOM WITH AN ELECTROMAGNETIC FIELD 


Last Time we venrned How The HAMRLTONIAN Ot A SYSTEM 
Could be BrokKEN INTO TWO PATTS- one ERS PIECE, Ho, And Another 
Prece Hi, which IS A More complLicATed tumcnw oF TIME describing 
The iwWTerAcNOnN beTwEEew The parts oF The s¥ySTEM. The rule which 


weé developed wAS ThAT The Amplitude TO SCATIET IN Time dt 


is PropornowAL To ~cHi(t) dt. this repregpenTs fin €4TYTA Piece 
of The ANSw et Which If A correcryinNn TO Me Ho PIECE whith 15 


Sor NON-INTEF ACTING PATTS. The TrAnsiTon of A SYSTE~N FYrOmM some 
iMiINAL STATE 2 To SOME FawaAr STATE 4+ WAS describAblLe bY The 


keeproxiMATwons ! 


If order éjley are" [wee ae 
aud 2Vvsle ¢H (T-t) (cH Hilt) dt) "alas }we> 
h 


order 


the 1k order Tern IS The Amputude To Go from { tof withouT 


ANy INTerAcTION In time T. The SeCONd order Term Corrects The 
TEsULT for A SCAMEeriInG WHIch occurs at time T IN TrhnsiT From 
2 to F. The compheTe ArSwer musT INCLUDE The PossibiLiTy TWAT 


The SCATTerinc CAN OCCoY ANYWhere beTween 2 Andy or 


beTween 0£€47T. The Awswer IS” Then 
5 oI Sy game ‘ 
~cHot ' —cHod72) -cHat ; 
evelpers 2pere Ml yirn + fepe  Cckmudtye lpi? 
a _ 
t 
LiKe To APPLY ThiS fesorT To SdkbvE SOME PrdobLéems 


WE would 
Which ontd reguiré The firsT arder correcTiOn Tern. LATTETr we'll 


GeT MOre complicATed ANd COrrecy TD Second Order ScATIErWe. 


The Problem we will consider is AN ATOM IN AN ELECTRIC 


Fieud &. E IS SINUSOIDALLY vaAryING AT Frequency wW E =2€, Sinwt 
(7) 


And 1S Therefore describAbte bY A VECTOT POTENTIAL 
A where vA = Ee = A= 2Ao CoSwt F Az Eo () Aiom 
ot a 


WE witt First Consider A FreQuency sufficienTLY Low 


TWAT Tne WAVELENGT™ 18 LONG RELATIVE TO The ATOMIC 
dimensiom ; Thus we dop'T hfAve TO Worry AbouvT vaArifAnons 


of A AcrosS The ATOM, 
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To becin The ProbLeM iT IS ASSUMEd ThaAT SOME how 
we KNOW Th6 ENErGY STATES Of The ATOM Im The Absence oF 
The EXTEPNAL FrEeld. IN PriNcLPAL WE CAN IN FACT CALCOL ATE 
The ENErey STATES OF AW ONPErTUrbed ATOM woT IT IS Quite 
difficuur AS WE hfve PoOINTed ouT EARLIER. Consider Chromiun, 
for INSTANCE, wiTh 24 ELECTRONS, This 1s A VERY compurchTed 
STrucTure Which reguires MANY INdependewT VATIAbLES: 3 tor 
CAch eLecTrOoN And 3 dor The NUcLEYS Or 75 TOTAL. Bot NéEveriheLess 
we Assume Ho IS Solved Ad ALL The IGEN FencDONS Gn have 
beew worked OvT $20 ThAT 

Ho Pn = En Qr 


1S KNOWN. The Qn'is Then describe The hehavior o} Au The 
ELECTTONS within The ATOM ITSELS. Now we WAT TO KNOW 
WhAT hf ppens when The E-tield 1s presenT ANd how Ho 
ChANGES. For The Léevét of ACCUrATY here we WILL Consider 
The chee To He IS ProporneNnfAL TO E. There ts No POINT 
IN GOING To Second Order E Terns SINCE we Are ONLY 
CONCErNGd WITWR HST Order VATIATIONS IN Ho. This 15 A Kev 
POINT IN SIMPLISYING The wor K TrEemMendousty so | S0¢GesT 
You GeT VYSE TO MAKING These APPTOKIMANONS Yourselves. 


WE Now mMusT Write TNE WamitTONAN Jor The SYSTEM, WE 
KNOW TWAT HF Pram \S MOT The cOmMpLETE hamiLTONIAN When 
AM EbLecTtic Field 1S Present. The correct himiLTonifn for A 
PARTICLE IN A vector PoTEnnAL A JS 

CP- BA) = 
p= SE ee ge Jk pa tee 
a™m ; 


am ¢ 


Q1M 


A)? CRT 8A) 


This hAMILTONIAN Then WOeKS on W TO Produce The Gretcy 
smATes oF The S¥sTem. Ex PANdING UT HW we hAve THAT 


m wc 
im CRS AVY] ++ ( St \(A-A)W 


A14 


| should pomT oul here, before | conTinvé, if The paArncré ( 
ATM, MOLECULE, ETC) IS Made up of A LoT OF CLECTYONS, WE 
mMusT Keep WACK Of Them ALL IN THE HAMILTONIAN, }.¢,, 
e <3 zu as 

Ho = 2 ey hE VCR, ) 
, d 
tm; jk 

whine VCAj,) 18 The INTEr ACTION POTENTIAL bETWEEN The | And 
AL parnclés. Tne TOTAL hamiLTONIAN IS 


“ge D - ea » ra 

H = 1 CM ~ eA Gin adil » EY Vibje) 
am; YR 

The VECTOr POTENTIAL MUST be EVALUATED AT EACH ot The 


J » PACTTICLE., 


Now we NOTICE IN The ExpAnded form of H_ Three 
TEYms COMINING IN Which INVOLVE A. These Are The 
ExTrA PIECES which ChfNee Our resoL_Ts frdm The case of 
No €xTErNAL fretd , brvé., The Ho piece Which '§ - i vy. 
Since Hilt) LACKS PhyseicAL INTER pETTATION WE mae Simply 
Compute iT bY TRKENG The Difference beTween H And Ho. 


IN Other word S 


H,(t) = WH-Hoe = ms 
Het) = £ EL Pe Aca) + Acyarm] +2 & Avy) AM) 
J 2m; C zm; 


If we TAKE ThE freedom SELECT THE GAcE Trans form~TION 
V°A=0 Ci.d., The plane wAve is ASsUMEed TANS V eRe) ThEN 
PsA = AvP 
(VAP) =(A° TEP 
(Wily ¢ Aewe. 2 Avy 


Proos: 


(6) 
if we choose WA differenT GATE WE Musr INCLYUdE A SCALAR 
POTENTIAL X IN The WAMILTONIAN, 


One - oTher POINT wé AGree THAT Ao IS A SMALL POTENTIAL 
Pd ThAT Terms IN Ao CAN be IGNored SINCE WE ATE NOT 
COMpUTING TERMS IN Hi, Therciore we hAve That 

i, ce) = E e; P oA 
v mi; C 


Zi5 


SIMCE we hfve chosen A GAGE Which MAKES A TRANSVERSE 
WE WILL define The direction of Ao to be The x direction 


such ThaT As A e& = 2Aox CosSwt 


Then The oper ATorR = 


P = 


i 
e.(3t 
|e 


4 
| would like TO define A New operATOR fx 2 & Px hisk 
IS NOT To bE considered AA CurresT JIN The classicar "VS SéwseE 


bul rATher A True OPErATOr WOrKiINGe DN Y, 


Now we ARE féftdY T Go To woORK. FirsT we witt 
TAKE The zero ordér Term Which déscRibes The denavior 


ot The sv¥STEM With Wo External held, OF course, We KNOow The 
ANSWwer ALR AY, Y= Gy -y smite 


LWe | ee BH th) | p> 
ComSider The System inimAclYs 1 STATE N ANd SUP pose | 
WE WANT To KNOW WITR WhAT AmpliTydé iT will be 

found IN STATE m AT Time T. Then 


-¢ Holt) rere 
LQOmIl Qu > = <QOnle 1 Qn > 
¢ HoT 


bur we kKNow WhaT e ON 1Q@n> IS IT IS JUST 
enc Ent Dn > ANd Therefore owr Answer 15 
~¢ EnT 
e CO ie Pm | Qn > 


GENETALLY Wwe WANT The TYrANSition TO occur beTwéeen Two 
EIGEN STATES Which IMPLIES bY ODrihoconmAlIT? ThaT 

z Ym 1Qn > =9 
if The STATES Are NOT GEGEN ERATE. The Whole Physxat 


Problem Mus feduces To EVALVATING The $=! order 
TEYM Which we will NOw DO. 


Alé 


TRANSITION AMPLITUDE 


The Amputude To Go from sTATE N To STATE Mm IN 
The peresgence of A SCATTErING poTexTIAL IS 


Bein (" 2 be ot Holr-e) 


6 


; ~¢Het 
4, H.¢¢) e | Qn> dt 
t 
-¢H 
We CAN START TO EVALYVATE THE INTEGRAL by LETTING @ iad 
work ON The STATES Idm> And I9n>, 


=~ Hot -cEnt 
e 1 Qn? = 1Qn> 
: T= c& T- 

Ziad a “POF J. c gmie ment 
The LAST €X PressiON Coming From The HESMITEAN ProperTY of Om, 
Also e* CAN be brouckhT ovTSiIdé The INTEGYAL sINcE IT 
IS CONSTANT wiTh TIME. Therefore we have Simpufied The int ecrac 
te. - 6 Gat T % (Em -En)t 

Swn = rade e€ | dt e f «) Z PmIHAN Pn > 

) 


The probabitiTY TO MAKE A TYANSITION bETWEEN MN ANd mM 1S 
Thos PropornownAL TO the Square of The MATYIX ELEMENT < QmIHilPn> 
which must be INTEG TATED. The CowsTAWT phase factor eof Emt 
Goes OUT IN The sQuirénc, 


2 T I, (Em-En)t 
P¢ n—7m) S55) 2 | \, dt e Pm lHIPn>d 


WhaT This resuLT SAYS PHYSICALLY IS THAT ProbAbILITY To MAKE 
A TrANSS\NON beTWwEeeN TWO STATES depends ON The AMOUNT oF 
Hilt) fourier compowenT COmTAINGd IM The FrEeQuency rANGeE 
As defined by The differance beTween The ENEfey Levels, 
Wm n 


z 


= Em-En 

+ 
\f Hitt) nas A SFr LATE Ee SrEQuENCY COMPONENT Correspowdine 
To TRANSINON SrEQuency Then The pertyurbATION or ScATEr 15 
LIKEWISE STYONG. ANoTher way TO Think of ThiS PhendmenA 
is TO DAW AN ANALOG WITH The power dewsiTY OF Hs IN The 
APcopriATe Frequency rANGe. ThAT IS The whore story of TAYSinON 
Amplinudes find IT 1S QviTEe Preil? ANd Simple: iT should be 
Léftrned bY The swdenTS EATLIEF THAN IT 1S TAYGHT SINCE ALL of 
CLASSICAL Ph¥Ssics STEMS from The concert. 


Al7 


WE Shoutd Now SPECIALIZE The ANALYSIS To the Problem 
we Wetted wish TO SOLYE bY puTTING IN Our EXPFESSION for rh 
H, 22 4x Ao oswt 


if we Pur This INTO Smn we CAN brING OUT OF The IMTEGCY AL 
The Time independeuT MATRIX ELEMENT <Qml 4c l Qn? ANd eT 
S , nb Em e Te etm int m 
mn = = € a Lgml G1 Oa> | er 2 Ao coS uJ 


Le] 


IN order To GeT AMX ANSWER WE will SUBSTITUTE for coswt 
‘ cewt -cwt 
Coswt = t(e +e ) 
And sTVEMMLING The NOTATION by LETIING ({x)mn = 2Qml 4x) Qrr. 
The &xPpressi0n for Smn Then becomes INTEGrAbLE 


_¢ EmT si z( Em-En tw)t EC Em-En- W)t 
Sma > -fe * (j,) jae <s CA pie |e 
A klman 
D 
Y 
LW INTESTATE: fed consider Ae Gonsroiy i (Em-En -) T 
’ _¢EmT ~ &¢ )t = 
Smn = -4£ e@ Ff ( 4.) A. e 5 «) 4 Aut 
A x] yan (busta 40 eee ee . 
> ) ( Emin w) 


The matrix Element ( fr), 18 A COMpLeR NUMbER Which 


WAS T) be worked ovT for Ech ProbLem To bE SOLVE. FOR NOW 
WE will Lefve IT gyuST AS 


CAN be CALCULATED. 


A MATYIX ELeevT Add ASSUME IT 


BY EXAMINING Smn You See ThaT if Ao is WEAK You WONT 
CET Much fmpunde T ScATTER. Unless however, The denominators 
GET Quite smAtL, For soch A cAse 


Smn cAN Get bic Even if 
Aco is weak 


bY RAVING The devorimAToR GeT close To zee. If 
The EXTERNAL Tietd is flucwANNG AT Frequency Ww find IT TuUFAS 
out ThaAT Ww = (Em - e%) Pitas 
ay 
THEN The ATOM IS ExciTed AT ITS TESONANT TRANSITION Frequency 


bernweew smTe Ww ANd m, And The system eALLY Runs up or dwn 


dé pend inc Upon The SIGN of The ewerey difference. If Em>En 


And WE ASK WhAT 15S The TrAWSiTION AMplITUde To Go trom n Tom, 
WE ATE CONSIdDErING TESONANT AbsorbTIoN. White for Em<En We 


orive The SYSTEM AOWN Add hve LESONAMT EMISSION. 


£18 


Notice ALSO from The form of The TERMS IN The BACKET GIIhor 
one or The Other TErM 16 ImporraANT. \F We -Wmn The 
$irsT Term is import pst While The second TERM UST SITS 
There rApidlX OScibLATING Never CONTTIbUTING Much TO The 
EmssioN Process. FoR TnAT YEASON We will tor cer The 
Second TERM by LIMITING ourselves To The chse foR Erissvon. 
ir simplifies THE CALCULATION So You don'T GéeT LOST. 


The ANSwer is Now AT hfind Jor we WhwT The Sqvhre 
of Smy TO GeT The TObAb LITT ThaT The S¥sTEem witl MAKE 


The TRANSITION oF INTEREST. ; , 
zu 2 v & ( W-Wmn)F a 
Pcn—-m) = Smal = Le. | | Aol | S 
ya 


w- Wmn 


The sgu@ReD bra&ckeT can bE expanded ouT find Simpeiticd TO Give 
The ANSWER 


Ponm)p © + \CdnJmnl [Aol™ 4 Sin” ¢ @-%mn)T 
+ + 
: C W-wWmn) 
mG: Expression 4 ovn*iw-wmn) Tr IS VERY LARGE When resonance 
C W-Wmn)* 


T* the sharp resonance which demansTATes This T* deperdence IS 
In pracnce IS very difficuLT T? dupucaTe IN The Lab. Problems 
INVOLVING TeYNING ON Ao fNd TWrNING IT off jntroduce OTher 
frequency ComMponenTs Which déceperAte The spike of athe 
RESOWANCE. The Probability DisTribuTION depends ON The Suncnon 
Sin'X 4 LITLE LESS STTONELY Thay INDICATED Whe Ay AVEACE 
© xt over The of Limited Frequencd Vance IS performed. The 
ACWAL fAverAced DEepardence IS PproporTimNAl To 6 CO-Waad 7 


a 4 om™ Xdx= 27 SCW-Wmm) T. 
=00 


xX 2 
\ sintx 
\ xe 
\ 
z. \ ae 
ZS eo \ / i _———_. 
—~ 4 _— t sitet =" / is en 

Y= (w - Wm n)T 


2: 


The bumpy Char acieR of The TRANSITION PROBAbILITY 1S 
Quire simitAr TO The diftricnon paméeRN trom A Suit. The 
bumpy chara CreR CAP be ovsevved if ALL The ASPETS of The 
EXPETIMEYT DRE TIGHTLY conTrolééd. PRACTICALITY The 
bumpivess tS losT ANd The curve dies oft 45 The Aver Age 
of The SimusoipAley damped curve. 


SiMNCE Aco IN Practice hAS em Frequency ComPpon EWTS oTher 
Taft The resonant frequency iT 15 NeGessmary TO INTESTATE 
over The expecTed frequency Cfnce of dfrld WIDTH . lf we Think 
m Terns of The menn VALVE of Ap TO be ANALOGOUS TO The 
POWER ConThWwed IN The held Then 

Ae = Power ( w) 


And . 
Pin-m) = ) K2l(jx mnl” Pow) 1 SC W-Wnm) T DW 


Which IS QVICKLyY INTEGrATEd TO CET 


Pcon-m) = 2T Vide PCW mn) T 
+ 
The ProbAbitiTy PER ONIT TIME BECOMES PropoRTIONAL TO The INTENSITY 
oR power of The field Which IS CONCENTTATED AT Fr eQuenct Wmn. 
The properTIONALiITY CONSTANT depends oN The complex MATRIX 
ELEMENTS Which in TUN depwdS ON The INTERNAL STRUCTURE of 


The ATOM. (4) me | has Prep The properT? of A hermi Term opera 


Such That ; 

¥(4x) mn = (dx dnm 
Which TetlS uS THAT The Odds ot drivinG the SYsTem up fire 
JusT As Go0d AS DRivine YS down, 


if The TRANSITION occurs INTO A CONTINUUM of EneRoy 
STATE of AT LEfST EXTVEMELY CLOSELY SpAccd STATES | The we 
Mugy SUM Over The densiTY OF STATES e6é) or €LSE INTEGTATE, 


XL Pin--m) = EF Urb Mpa) | Sc -wmn) | Aol 
me hk 


s1 


AZO 


if we have The 


ATOM bEeING ILLUMINATED With A LIGhT 
WHICH IS NOT MONOChrOMATIC Then The Power or INTEMSITS 
Tiw) ar frequency Wmn provycey The Probaeility 
Per seconds of —— 

Ptin>-m . 25 CIJun | LC Wm) 
Sec - Mdm 
- 20 | (d)m + 
- | "} LL Cwma) 
h Wan 
The sTrewoTn oF The 


Triwsi Ton ,& Given bY The SQvftte MATTIX 
ELEMENT, 1S SOMETIME CALLED The dipoL€ MATRIX CLEMENT, 
Since The TRANSITION ProbAbILiITY 

The réSULT becomey LATGE ONLY TOR A NARROW bAndwidTh of 
frequencies CenTeRed AT 


Wmn,. The baddWiDTh AW iS ON 
The order of ‘Ap. Thus The LoNceR POU WAIT Te CLaseR 
You Must €xciTe The ATOM AT RESONANCE. INE 
COMMEnT The 


TOTRL ProporTALiTy cOmSTANT 27 
SOMETIME CALLEd The 


IS PROPORTIONAL TO The TIME 


add inon Ac 
dx) mn a is 


A 
GIMSTaN TYANSTION ELemaT, en 


AA 


39. CouLOmMB EXCITATION 


LAST TIME WE Ended Vp TALKING AbovT NAKING TRANSITIONS 
IN A CONTINUUM OF ENERGY STATES. We sau ThAT |T WAS NECESSATY 


To sum AUER ALL POssibLe STATES wo The CconTiNuum simce IT IS 


MEANMINGLEss TO THLIK AbouvuT A TrAwSiITION TO ONE STATE IM 
The CONTINUUM. The RESULT WE OobAINGd Then WAS 


5 Pcn-m) = = on Amn l® § CEm- En -h w) 


yn 
SEC 
Where Amn 1S The MATYIX ELemenT OF The perive bANON, H, > 2A WwSHT; 
IT iS The Vecsor POrEWNAL. 14 WE Chw ASSUME The cConTiWNUUM IS describable 
by A dewsiTY WwcnOoNn 6 Em) Then WE CAw WwrEoGrATE over 
ALL STATES Em 
Ew 
mm A 
SEéc 


= rd | Amn]™ pce) 


Where E= Enthw. This Ther 1 The ProbAbinity Pet UNIT TIME 
TO MAKE A TrefsiNON TO Some ARbITTATY STATE IN The CONTINUUM, 


ATomc JONIZATION 
I'd Like To work out A PFObLEM IN WHich The PErWRbING 
POTENTIAL H, ws NOT A fowncnom oF Time. IN This SPECIAL 


CASE The ProbAbitiTY TO MAKE A TANS ITION Per Second iS JuST 


Pin--m = tH | (Hiden) §CEm- En) 
a 


Sec 


The Probuem IN voLves A HiehLty ExciTEd ATOM A ANd fAWoTher 
ATOM B Which 1S NEArTbY ANd WE WAYT TO Know WiTh WAAT 
ProbAbititTY The EncCiITEd ATOM iWduces IONItTATION IN The OTheR, 


The HimiLTowiAan OF The SYSTEM 1S YuST 


H= Ho t+ ie 

Rab 
Where Ho = Har HR The Sum of The hAmittToniaAns 
NON- INTE ACTING ATOM. The COvLOmMh POTENTIAL 18) A FUNCTION 


of The electTromM SepARATION disSTHNCE ONLY Arid “Does NOT 
depend om TIME, 


of The 


AL2 


A 5 
ImiTi@tL? ATOM BR wy im The round endte P - ates 


—— Jyr 
describA@bte bY The wave fowcnon Ga. Aron = es = 
A «tS iM The Excited STATE a : tTheretore = nen 
The winal wave fuwcnow of The StSTEmM Pp Is iad 


hee 8 A 

Yim = Qo Yer 
The wAL STE finds Atom B someted wim ITS 
ELECTYOM MOVING WiTh MOomMEeEn TUM A Whit é ATOM 
A hAS fALLeu TO ITS Ground STATE 3: The refore 
The fiwAl sTATE DR of The SYSTEM IS 


Gn > Qe 93 


The respective Ewerey STATES INITMMALLY ANd HYALLY ARE 
5 A 
Cw >= Eo + Ep 


| ground 
r4 STATE 


find A 
3 


At. we have To Do To HNISh The problem IS To CompuTé The 
INTEGTAL 


[ < 4m 1s) mnl Qa > dvoe 


B 
En > Ep + E 


A 8B BAA 
) % Pe = Go Qe deradine 


The ProbAbiLiITy TO MAKE The TrANSITNON IS) JUST 


Ep 8 
Pim wm) = \ ee 5( Cy + ES! -E> -bp) 0 (Enid Ex 


sec 


Where we wrecrATE over ALL Possible MOMENTUM VALVES. 


To work e8T The INTECYAL WE KNOW THAT The electron 
IN f& cONTIUM HAS A Wave FvNCTION Propor TIONAL To et ke Thus 
Op oO é* an l€, The ELECTRON 1S tree, The iInTEGYATION IS TAKEN 
OVer ALL PossibL€E MOMEnTUMS SO ThAT 

PLErr dex —» dik. 
C2n) 
ANd The iwTreerhNON IS Now IN R-spAce Which is EASIER TO 
Work With, For The MOMENT WE ARE GOIMG To AVERAGE 
H, over ALL direcnons of A ANd TAKE (IT O0T Of The INTEGTAL, 


229 


WE NOw haAve, 


z a 4 
Pim mi . ea IM). (28, -8f ~€- 
mee bi me es = 


Lers detine Gy” ~ Ea - Ee® As -W aAsince iT IS The Excess 
ENEYrGyY required over The IONITATION Level ; Eo 1s detined 
here from The i9NithNON POINT so IT IS A NecATVE ewercy. IF 
WE CONSider The k-space TO RE spherically SYMMETRIC Then 


Com-n) ~ wy ro ane" s(& -w) dk 
TOEXPLICITLY EVALUATE The INTEGML We hfve To USE The 
ProPerTY of A detm™ tuwcTion TAT 
3d (fin) dx = 
| $‘¢x)] 
PEeviermine Tne differenTANON AND Simpliiyine we have 


Pim-rny 2 2 HW ma 


Sec Ri 
where k- {tmw. ThaTS The AYAL RES OLT Except tor The 
tect TWAT WE NEVER EVALUATED Hy. Usvfurp iT IS TOo Difficutr 
TO MAKE fH ExpliciT EVALUATION buoT SOMETIME iITIS Possible 
To MAKE AN fApproximMATION. 


H Tre ATOMS ARE FAR APART WE 
CAN APPROXIMATE The electron Sé€pArAnon 
disTANCE Ray by 


Ran = Rag - 2a *Rag +t Re Rap 
Where Ras 1S The AisTAwce berwetw The 
Two Nuclei fd Ra pid Re ME The EvecTron'S LocanioN YELAT VE 
To We VYespecnve NUCLEYg. Thus we hftve 


A 


+: +t + aL ( Ru Rag + 2b Ras) 
(Lats Rar Rar 
There toré gi ; 
= > = 3 
< Pn [ Hil Pm > | Ys Op e* = + Zn ® “Rag * Ap *Rae ) Qo’ Op d Nude 


a2 


If WE INTEC LATE OUT The -hrsT TERM, wE fiNd ThAT IT IS 
ZERO. This 1S A CONSE quence Of The INTEGYATION OWER d?2a Kc, 
I \ A A P = 1 
— - (a) Ca) leg — 
Ras a Ve 


A 
because Qe Mid OQ, fire ORTHOGONAL EIGewtUNCTION AS 


WE CONSTYYCTED The PMbHLEM. The second TERN 


{Sabakn (Eiht) gts gts dasa 


AGAIN PraduceS O When 


INTEGCYAIING OVER d?Ay 


es beEcAvse 
The fuxcnon fas RAD / RAs 


dveé5 NOT depend ON fp. BY 


KR SIMILAR APPROACH The Third TERM (- Ae «Raa /R2q ) 
When INTEGYATED oveR d>2/Aq 


Gives ZERO. So The ANSwEer 
iS NOTMine! No 


MOT QuiTE. ObvioV5SLY OUR APPTOX IMATION 


iS NOT Good EVYOVGW So WE hAVE TO GO TO SECONd oRdER 
ExphysiwwS OF Yrar. 


: + — ( Row Raw — Ze Ras ) + XaXbw tY¥a Ye — 2 Aady 
Ponty Raw Rap Rae RAB Rin 


ExpAavnD ING TO Third order we hfve 


ForR Tne first New TERM 


A it 2 4 
{ Qa cw Oy Cbje ca Dooce) Q, Ca) d ie al Ab 
RyZ a 


AB 
To EVALVATE This INTEGrAL we'll SEpATATE IT IN The foLLowING way 


A 1 
(H),,.= 1 | | Ye ca @ Xa Pp" cay das |) | Oe co) eX Qo ¢b) ay 
AB 


The br ACKETEd QuitwTiTics ATE KNOWN AG The 
MATTIX ELEMENTS 


5 04 Ca) eX, Qy cay d* ra = (e X pe )" 


B 8 
| Pp cb) exb Po (bt) d?hpe = (e Koll 
The OTher direcnons 


ELECT IC dy pore 


Y Add & Produce similiAr dipore Terms 
Which cAN be AverAced OVER ALL DirecNoNS To Produce An 
AVERAGE dipole MATIX ELEMENT. SO OUR FWAL 


4 
Gomon) , 9 Ix* yx8l mh 


SEC 6 
Rag 


RESULT 15 
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If we conTINVed This Problem A LITLE turther by 
COMpLICATE N& The INTErACTON We CAN CONSIder WhAT 
hitppevs 1f The Two ATOMS fire in MoTion RELATIVE TO 
EAth OTheR. We whnT The Probability TO MaKe ft TYANSITION 
AS The ExciTEp ftom FLIES bY. The 


hamitTONIAN oF The 
SYSTEM AS Viewed from The 


CENTER OF MASS 1S 


. .% u 
H = Ha 7 He + Pa + Po + © 
ces belkin | Ra + Ka ~ (AbtRo) | 
Oa ne Se a ee te 
Ho ¥ H, 
The nimi@L STATE of The SYSTEM WAS A Wave tun cNom And 
ENERGY ot . . 
v IKp Ra A 2Ko+Rpa 8B 
Oy, = yp (ta) © Yo CAb) IK, 
bes ey We ee et B 
2me 2ma kp 
IKp fwd Ko d € NOTE The momenTUM ot The A IKo 


Atom fk find B while Pe > IkpKp And 
L 


Poo > KeciKe, IN The fhwat STATE 
c Ke * IR 8 éKi+Ra A 
Qn ~~% e $ 8 Q, Cap) e Q, Cha) 


IK, 


In This INTErACDON IT Is POSSibLE TO SEpATATE The TRANSLATIONAL 


MoT1LON of The cenTeR OF MASS From The INTOONAL MOTIONS ot 
he ATOMS §0 THAT 


IK “HR PKR 
(Hslann “6 a's an ‘@ 


8 U Rp Re 
g (toy Gi(as)_ev __€ 


CiKy-Ra nA BP 3 
€ Gp Qe dad tad Ra . 
|aatBam ly-Ro | Al °Re 
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40. TRANSITION RATES ANd SCATTERING Theory 


I'd Like To RETURN TO The Problem ThAT | STARTED LAST TIME 
Since | didw'T GeT IT timshed. | WAS diScussING, WhAT THN 
ovr To be, A complicAtTed INTETACTION, | hftd Two PAfriiclés 
COLLIDENG And IN The Process Of SCAMErING Tey Exchince 
EN&CY SO ONE ATOM IS Nd LoNGEr Fen+eeDelh ExciTED WhILt 


The ovher ATOM becomes 10NIEED, BecfAuse ( didn't GET TAR Vee 
START ALL oveR AGMN. 


lL have Two atoms A fid B comine TOWARdS EtChoTher. 
ATom A HAS MOMEeWTUM PA while beime IW AN Excited STATE G, 
After The Collision iT WAS MoMenTUM Pi While MAKING A TeAwsimom 
To The Grovmd STATE. ATOM B compne TowArDds A AT Momentum 
PB, Coluoes wih A and scentters of fF WITh NOMEWTM Pr avd 
iM AP lonited STATE. DiftorAMATICALLY we have The foLlowiIne 


Process, Pa O&O 
AtomA INTERACTING Field P. 
eC oe apeeees Aton B 
STATE & , 2) ae 
i STATE b 
y. 
Pi ob 
B 4 
To SUMMARIEES THEN The condinons of The Problem 
Aron STATE MONENTUN ENERGY 
INITIAL A a Pa E 
Cond iTiONS * 
FIMAL A a Pa En 
COnidiTIONS B ~ PB E is 
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IN| ORSER To SIMPLIFY The PROBLEM INITIALLY | WILL NOT 


CONSIGER AN@ INTERNAL EXCITATIONS oF ThE NUCLEL. Theretore, 


b Witt LIMIT MY Discussion Here TO The PhenOmMewA of 
ELASTIC SCATTERING. The INELASTIC CASE 15 STRAIGHT forward 
buT IT GeTs’ MESSY DRAGGING ALONG ALL The TERMS, IT'LL be 
hfrd Enoueh Keepinc The ELASTIC CASE STRAIGHT. 


ThE ANSwER TO ThE PROBLEM 1S CONTAINED IN THE GENERAL 
foRMULA, _ 
Pic+s)-TRansinon RATE = tn | Hes] S CEs -E:) 
At * 
ALL we have To Do IS EVALUATE ThiS SimPLEe ExPRESSION! IN Order 
To EVALVATE The EQuvuANON WE NEED The INITIAL WwAve Fon CTION 
of The SYSTEM. To write The iwiTlAl Wave FeMCTION | WiLL MAKE 
use of The Theorem ThaT The INTETNAL MOTION OT The ATOM 
CAN be SepARATED from iT'S CENTER of MASS MOTION. This 
iS SUch A LVSEFYL CONCEPT TOD KNOW ThAT I'd LIKE To Prove 
IT To You, 


SEPARABILITY of INTERNAL And Center of NASS NOTIONS 


CONSIAER A Two PfFRTICLE SYSTEM WITH A HAMILTONIAN 
GIVEN bY z 


rv 
| _ —_ 
H * “od Vas t Zhis Was t Vda, =%ts 1) 


BEcAUSEe I'M LAZY And becnuse of The symmetry 


Yn 


of The Problem I'M ONLY GOING TO WORK with 
The X-COMpONENTS. Awd LATER frdd IN The 4 
Awd 3 - Terns. 


\ cf tirsT DEtIn & In The CLASSICAL SEWSE, # 
The K LocANON of The cauTeR of MASS ot # 
The SYSTEM, bE, 
MX. + MiXe 

m+ my 


yy = 


Vw CALL The DISPLACEMENT , Xi Ka, 5 And vSE The 
folLowiING TELATIONShiP From The Theory of diffERENTIATION. 


Z28 


,;-Rr 


CEwTer of Mass 
Cx, i) 


iF Xo-xXe es F Then 


S9 . 28 3 , a¥ 2 


OX IX, 28 9X, IX 
Where x? m X,; + M2 Xr. = mM XxX, + ™ Xr 
mM, tme mitrme m 
ANd MI = mtme. Then 
Ss. = 2 + ida a! 
3X, o$ mM ox 
SIMILARLY 
9 2-2 ¢ md 
IN The HAMEL TONIAN Then 
& Lu 4; 2 
Me ee a =e zum, 9 3 me 3 ) 
zm 0? ams Cs.) emi (a5 * “mason * He ox 
\ gt Mee G. ite 
2mr Vas zm (3.) on os “MH a5 ox me) 


And = VU) > =~ CS) 
Add ince Up The TERMS ANd USING 
Ti ~ is nN Aud B.-gut y 
H = aa ym a Ph ee V 
“Lie Te) tame (% De .) i "Op * “e2* — ALS Se ‘|? np) 
This caw be redoceD To The Simpler torn 


yal te ey “ 
oe Ve aa + V(~) 


Where 7” = 


Si « ng tek is The revAnve coordinaTe between 
ATMS and M 1s The reduced MASS of The SYSTEM, 


JA => mM Mer 
m,rMr 


R denotes * The CENTER OF MASS LOCATON ANd WE SEE The 


HiMILTONIANG SPLITS INTD Two DisMNCT PARTS 


H=> He t Hs 
Where = zu 
Hk rye VaR = Cévter of MASS MoTION 
H-z > a V A = 
e tin Vo tV CfA) = INTErNAL INTECACTION. 


Li? 


The réfSon WE WERE SuccessiUL IN SPLITTING Up The MOTION 
INTO TWO PAYTS chime SpomM ADDING Up The Two GrftdlewT 
Terms i And Var which CONTHNEd cross Terms which 


were €Q@uAL pbuT opposite IN SieN. Therefore The monens 
forTUN ATELY WERE UN coupled. 


} Shovid POINT 00T WhenEVER ONE MASS SAY M,, 1S 
MUCh GrEATER THAN Me , hen The fedoced HASS M 
JuUsT becomes EQvIVALEWT To The LiGhT MASS Me 

- Mm 
M> hA PBA > mi is = me (l- ™ reer) mr 
mM, rM2 matie) ™) 
m, 
Thys In The case of hydvrocen where Mi = The NEVTTON Mid 
Mi. = The €LECTTON AL ~ mass oF The ELECTYOM Since 


Mn -~ 1809. But The FacT ThaT Ther reduced mass 
mMe~ 


IS The EXACT FformuLATON of The HAMILTONIAN WAS TeCoeNIteEd 
by Rutherford IN The CATLY DAYS OF QuAWTUM MEChANICS SO 
WE CANNOT Iepore iT IN ANY PRECESE CALCULATIONS. ENd xt 
Side Nore! 
ELASTIC SCATTERING TRANSITION RAEES 

ALRIGHT Thew ,WhAT 18 The wAve Funcnon For The Sistem 
INITIALLY ftnd Finacly 2 We have esTAHbiished The facT ThaT The 
HAMILTONIAN 1S SePATAbLE IWTO TWO PARTS: ONE Corres powd ING 
To The cewter of MASS MOTION, HR, @Nd The OTher PART describes 
The imTernAle MOTION, He. WE KNow Then 

H= Hats > PY €; 
2m 
Where PA, 1s The ENercy Due TO The Movine SYSTEM ANd EL 
ARE The ENERGY LEVELS oF The SYSTEM. The WwAhve foncnoNn 
Is EASILY ESTAbLIShed by The Product OF The Two whve fyvwncMens 
, ° 
y = a* PeR P(e) 

Herve ei"e IS The wfve WNcTON DescvibBING The CENTER ot 
MASS Motion ANd Qi(p) 1s The wive eacthon DEscribinc The 
INTE? WAL MOTION oF The sysTEN, 
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i¢ Meccm, 


Stowt? The Problem 1S Turning 


INTO A TEAL MORASS becAuse 
Tne Problem 


1S BECOMING Obscured by The COMPLEX NOTATION 
Keer Every ThiINe STRAIGHT, So WE CONTINVE by 
Expressing Every Twine IN Terms of difference 
Pa, P>, Anid fla-Ab j 
ANd pb 
To 


Needed To 


of distAwces 
We will hod off INTEC TATING OVER = 
SINCE WE DON'T KNOW HOW TO NOr witl We be AbLE 


bY MAKING FPProximAMONS : AS YET We cfAn EXPLAIN The 
MAChINGrY of ATOM ENovch TO write DOWN The DYNAMICAL LAWS, 


Ir ys SorT of INTEresTING ; QuAnTUM MECHANICS 1S NOTHING More 
ThAN The AppucAnon of oneUpsmANShip TO PhYSICS, WE Use The 
ConCepT WE KNOow boT IN The tNd we NEVER REALLY CALCULATE 
ANY Twine - iTS ALWMYS beyond our KNOWLEdGCE, 

WhAT WE WANT To Do Now IS TR peArrAwGe The INTE CHE 


INTO fom cTONS of The SEPATATION SAISTANCES, TO Po THAT We 
Rework The €XPpONeWTIAL TERMS 
~i Pata CP Ab C Parte é Pore 
€ e e e = 
el ay Pa ee a 
e e e e € e € € 
we CAN RE ACTLANGCE This NOW 


shPeC hes hb) <1 0 Pel vPe) re of Pet ha -Rb) 9 *CPatPo) ab 
e e 


lf we INTEGrATE This ForncToNn over 


Rb we Get The INTETESTING 
RESULT THAT 


att L CPatPb) - (ParPb)] *Ab Reus 2 QO fF ParPb # Po rPb 
1 of) =PatPb = Pat Pb 

which TELLS vs THAT The Problem WILL ONLY WORK OOT If You 

QonServe MomenTUM DUTING The INTEY ACTION. So tf You DIDN'T 


MAKE The WINAL STATEMENT AbovT coNsevviING MOMewTVM, jhe 
EQUANONS MAKE IT FoR YOu. IT's 


INTERESTING » YOU Cfim be dumb 
ANS NATUreE TAKES CfrRe OF pou! 
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WE CAN Now weiTe The iWiMAl ANd wae w fv edu cTIONS 


; é Pas Ra iPL+Rb 

INITIALLY YW: = € 9. (7) e€ Peco) 
¢ Pa. i Poh 

FimAcry We = Pa car e at Pe CP b) 


WE NOW MUST EVALVATE ThE INTEGrAL, 


“tl HislBr=f wrvy: d vor. 


So Let's write iT oT, 
j : J ae ae dl" dee ia 9. Pa) "ion: Gece V( Pa, Pe, Aah 1 $5 
£ Pas Re he (ea) ae Pes 2b Pecou)] 
This LOoKS TErribry CoNFosiNG® buT if You Follow Throveh iT fou 


MichT UNderstand iT, To COnTINVE WE'LL HAVE TO MAKE Some 
ApprokimM ATIONS ON The POTENTIAL FiNCTION V. The co-ordinATESs 
Which Are SicwiticanT ARE: 


Atom b, Zu 


&x 
FROM This DiAcrAM ANd UwiTh some PATIOWNTS WE CAN wriTé 
Down The RPPrOPrIATE POTGUTNAL PNCTNON 


z = 2 
Vz en _ _es* =: ee Ee 
I Row Arb | ] Ain rp | | Ap en | (Beet! 


Now Whar we hAVE PAW ELPFESSION for V we Sé€e ThAT 
iT 1S Nor iM The form we wAnT iT FSO THAT WE cHy 
Peeform The INTEGr ATION; WE NEEed Vija, po, he = Ji SB 
WE have TO re-express V INTErMS of The RiGhT VATIAbLES. 


nae. 


TRANSITION RATE, SCATTERING CROSS-SECTION, Amd ELASTIC SCAITETING 


The PRObLEM HAS NOW bEEN PUT INTO The GEenerht form Which 
is Refey TO be inTéEGrATED 


~6 + Ka fee) * wit Pa * GAg “Al 
<Wrl Hig | PF 7 = € qr 6s Ve us 0°) Oe Ob dra dtu dpe 


SubjecT TO The CONSMMminNT TWAT PatPb > Pa +Pb. IN ORdER TO 
Go ON from here IT 1S NELESSARY TD MAKE S?ME APP roximATIOWS, 


Before | Go on | WANT To MAKE vse of The SCATIERING 
CRoss sEcTION Which we INTVoduoceD A While bAcK, IT CAW bE Shown 
That The crosssectow IS TELATEd TO The TrAwsinon rates by The 
VELATIVE COLLISION VELOCITY, Ié, 


dP = we 
dt 
Thus 


rs 
os an | Heel 36 CEs -€2) 
hu 
Let's Try To work ovT AN EAST Problem wiTh ELASTIC 


SCATTERING. BY ASSUMING VUNEXCITEd INTEYNAL MOTION WE CAN 
Per form The INTEGYATION. 


Assume Tren Low enercy ELASTIC SCATTERING ANd The 
ATOM REMAIN IN The Gvound STATE. We hAve Now Chfnoco The 
Problem And ATE NO LONGGR WOKING WITh TRANSITIONS 
of ONE ExciTED STATE TO RK Grovwd STATE. Thus The MATrIXx 
ELEMENT becomes 


2WrlHipl Pir = LS) V (za -2b1, Pa, Po) | Gr gul | Poceorl J *p. die |» 


a | e fC Pa-Pa)s Cm - Rb) d?¢ 1am -@e) | 


Béechuse WE CAN'T Do The DovbLe IHTEGYAL IM The FirsT BRACKET. 
we'tL Jusr cate IT UC Aa-Av) , The avertee ELEcTVICAL 
POTENTIAL. It's AN AVErTACE oF The posiTIDN of The ChArees within 
The ATOMS. If YOR ASSUME THAT The Charce Is SphericALly 
disTrbeTten OR ASsumE SOME OMher INTEGY AbLE ModeL, Then 
You CAM €ExpliciTeyY CvALvATE IT. OTher wise YOu donw'T worry 
gbour iT fd EsTAbLISh IT TheouGh Experi Men'S. 
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BY The Previous AssuympTONs WE NOW have educed The 
Problem considevAblLyY since NOW WE MUST INTEGrATE, 
— EC Pa-Pals (da Ap 
ZWpl Hitler = J d°C Au -Ab) U (Ma-2b) € ) 
BY TRANSTOrMinG TO A NEw CoordinATe = An-r2A, we CAN USE 
fourier TrANsform Theory TO INTEC VATE 


P Qt 
oe J d?¢ Ute 


i 
Where Q = Pa-Pa ; Morice Than The Transformed Momentum @ Also 
EQuars @PL-Pb due To ConservATION Of MOMENTUM. To Show 
fou how Thig INTEGrATION WORKS — LeT's ASSUME ThaT 


eas des 
z 
Then o ' 
Hoe « jedsz ng Ate" 
° z Q* 


The ScAMERING Cross-secnoN IS Then 
zs 4n et) 
os tf ( it § (E+#-&.) 
hw Q 
Now we hfve To ficure ovT What TO do with The deira Funcnon. 
WhaT WE ATE INTECESTED IN DOING IS SUMMING OVER The densiry of 
STRTES jN A GIVEN MOMENTUM RANGE ; we can Look for Either 
Po or Ph, WE MUST sum over The dewsity of DATES IN TANUE 
APs TE & lon? 4 3p! 
ae oC gr) Soe) 2 
S cen)? 
The €vercy difference EF-Es can be EvALuATED 
h i% 4 ak i oa 
Ep-e; > al” , (Pi). GJ - Fe 
LMa umb Uma zmb 
‘ 
SINCE WE ATE BSUMMiNe OVEr Pd WE MUST GeT rid of Pp, by 
USING The Cow servATION OF MOMEenTUM 


(Pb)* = C Pa +P - Pa) 


au 


lf we ASsumeE The iWreevAnion over d>Pa IS SphericArly S37 MMeTrICAL 
{ v ‘ 

The d>Pa —> an(Pa) d Pa fd The inTeer ATION WiTh The deLTA 

fuNncNON WS STAMIGKT forwhRd 
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If we hAve The specinl CASE Where Pb >= Pb siz, The B Atom 


i 


COMES I Find Léfves With The simEe momenTUM WhiLl€ SC ATT EV ING, 


Then %. . 
2 
D >! ie) P. oe Po 
Q= Ta> fq = 2 Fo aM > ne she SEN | 
ANd Pp 
ae ‘ i 2 — Pb 
O= tH «x leomtef | welsh J ( Pa ~ Ta ) 
hv 94 (zn)? tmMu ma 
TO imTegrATE we NEEd TO YSE The DEetTh fFoncHiom ProperTwré 
} Fx) dx = at. 
| FG) 


/ 
ot 4e4 Pa dQ. 
Zhu Me Q* 
Where d-Qe is The Element OF SdLID ANGLE For The scamered 
O- parneré. Since Q = 2 Pa om Me 
Fo = h 2 ee da 
thavme Pa Aint % 
Here Then 1S The TienliAr SCATIEC ING Liew Which depends on Vount %, 
AS The scAlTerine finGolAr dependence. 


Aas 


GEO. Superin” 


4\e INTERACTION OF A RADIATION FIELD And MATTER 
- SPONTANEOUS EMISSION From AN ATOM IN A QuANTIEcdH JIEUd - 


Wd Now LIKE TO TALK AbovT The firsT REAL ProbLém 

IN Quantum ELECTYODYNAMICS, The Problem |] want To WoRK OvT IS 

TO PFESICT WIT WHAT PROBABILITY AN ATOM will EMT A Photon, 
EXcT The rAdiATION Filed, fd EmiT Licht.” To work This pro blLEm 
We hve TO Go beyond The CLASSICAL Theory of LIGhKT SCATTERING 
Srom ATOM And QufwTite The radiAmon held. We Sharcr consider A 
SINGLE ELECTTON SYSTEM 1.2. AM hydroGEenW ATOM becAvSE There 

AREN'T TOO eifyY ThincS 1 Keep TRACK Of. This- is one of The 
reAL ProbLems of QED; Keepince StrAicGhT The NorATION IS ft MAYOR 
TASK. | hope TO MAKE The PreseuTAMON IS AS CLEAR AS Possibe, 


WE wWilL CONSIDER ThE ATOM TO INITIALLY bein A STATE OF EnEroy 
€s And SEG WHAT happens AS IT Mikes A TRAWSITION TO STATE oe 
The TrAwsiNon witl TAKE PLACE IN ThE “DARK” BY “dark” | Mean 
THAT The bAcKeraund CAAIATION 1S IN ITS GYOUHd STATE: LE. There 
ARE NO Photons in ANY MOdES, The ENERGY IN EACh MOde OF The field 
IS The Ground straTE ENErey HW/r, WE have PuLred The first 
SLIGHKT Of hfWd wrtich Chépncrerites Q-E-D by TEedEhp)NG The vAtuuy 
STATE TO be The téro ENercy STATE, We Do This bechuse If we Sum 
Over ALL Modes The Ero poinT OWerey IS INHNITE, To MAKE The EWEToY 
Smite \T 1S NEcesSARY To curott ot The frequewct vawee IN AW 
Renfovbe wht. This iS The first S¥mpt0m of INTECNAL DifficurTies 
WiTh QED. 


WE witl TAKE The ATOM TO be IN AN ENOFMOUS bdxX Which 
ConTNS MANY modes of The mrdinnon FIELd, The boy is LARGE 
So we Donw'T mhve To Worry AbouT REfsLEcTIONS from The Sidés. 
EACh HMode tN The FiEld witt be modeted AS A CLASSICAL 
HACMOMIC OSCILLATOR. EACH MOdE will be ChARACTERITED by 
TWO INdices | IK and 2. IK denores Tre whve NUMber oF The moge White 
z vepresengsS The STATE Of POLATIzATION Which ig €lTheR UP or dow v 
30 i has 2 Uiwes OMLY, The disptaccment of The K™ mode 
IS Given by coordin ATE GK, is WE WILL WEequenTLY be CONCErNeEd 


WILL TRE NUMbEer OF Modes Per UMIT VawwMEe wrich is OF . 
The Coord inATE Fax. is iMPOrTANT because IT humans 
The SITENGHH Of The vector PoTEewTIAL IN THAT Mode. The 

VECTOR POTENTIAL OF ThE FIELD 18 PECRIbADLE IN The FOLLOWING 


form A IK * K 


a = 

7 z fc _ Fx, = 
WK 672 Way 

&;, 1S A unit vecror iW Thedivecnow of The Polfritfimow of The fietd- 

The den Omin ATOY Towne iS ADWIRMALI TITION facror Wich Is re LATED 

To IK Since wyr> CLK, & 1S OFTOGOWAL TO KH 12. Fe qc 79, 


Now we hAve TO WiTE DOWN ThE HMIMILTONIAN of The SySTEM. 
There WILL be Tntee PARTS ONE DYE T The ATONN' by ITSELT, The 
SECOND PACT DuE TO ThE Field OSCILLATORS fd The Thiftd Piece 
1S THE INTERACNON PATT | 1.2., 


H = Harn + Hosen. + Hunter. 
THE OSCILLATOR TERM CAhw be WITTEN OUT IN MOre demic AS 
> zu a 
Hose = - 4 OG: + We Suc ) 
Ke 


IT Is best TO ChANGE DOVE TO OPErRTOR MOTATION for WORKING wiTh 
This hAmiILTONIAN. ResALL Ov SOLUTION TO The hArmMonic OSCILLATOR 
BAcK on Poe 8S. WE dehped The Oper ATDRS, 


c - * 
Ki Ai ( a«, aes) 
hn Qi 28 forans COR, - ay 
z 


Oo and O™ were Referred TR Creation fild AONIINLATIONS DPErATORS 
In Thar They worked Ow The wave fn cnow of The OSCILLATOR TO 
EiTer Afhise ITS ENEerGy bY ONE omiT of Kw ( owe PhoTON) oR 
Redvce The Gvercy by one Hw (EMIT ONE PhdTON). The OPECATORS 
Ate AlSo subyecT TO The COMMUTATOR FELATIONShIP 

aa® -a®a =! 


USING The OPErATOr WOTTON JUST described we cAn write The 
HimiLTOWIAN of The OSCILLATDR AS 


Hose = Lt Wik, a Qn 


iK,¢ 


the vecToR POTENTIAL MoST ALSO be ExPressed IN TERMS O 
Aud Q®. To Do That vosT SobsrTeTE Gig «NTO A, 
- -¢ kK: aan “Ike 
A = - Ga i e- . + a 7 
fom: re 

The first Term ts The Creqmnon TETM oie The SELON IS The 
AMNIHILATION TEYM. RY We MEAN The an will CAUSE The 
Sierd Te INCL CASE trom The Ground STATE by ONE QuANTUM AW 
or OWE PhoTON. 


Now we have To Think dbovoT how AN ELECTYON behaves 
IN AN EXTEYNAL Field. We have ALREADY Seen THAT With AN 
IN-FAwITELY HEAVY NUCLEVKS WE CAN WHITE The HAMILTONIAN 
for AN ftom [N The Fiétd AS 
= —- ,& 
= 
i. - CP ~A) t V C2) 
am 
The MASS 1S The ELECTYON MASS White P IS The MOMenToM ot 
The prom. IF we ExPAdd ThiS WmMILTONIAM OVT, WE WILL GET 
= ; oe —_ 
a oe & Pa ra? L YS Poh 2 VM 
em amc 
Now WE CAN SINGLE oor THE Three TEMS IN The TOTAL Hfmitl- 
Toniam H = Hose + Harom + Hint 


* 
H osc > Ze fi OSiK,¢ Oo GG ; behavior of Held without 
AN from To INTEVACT with 
Hire = Po ow Vow | AY DroGén HAMILTONIAN WiThouT A 
am Fierd TO INTEC ACT With 
H wit. | A +A: rl ts ¢ ma ‘A |NTEYACTION TErms beTWeen 
ae + fietd And ATOM 


The sum of The Pieces GIVES The TOTAL ComAeTe DESCRIPTION 
of The 59STEM. 


WhaT has so tar APPcAREd TO bE QuITE SIMPLE ANd 
STRAIGHT torwetrd IS,oN The contrary, QuiTe SubTLE . When 
we EXPressed A tx) IN TECMS of The *F1etd oper fAyvoRS QA ind 
O*® we have IntmduceD f LOT OF Techmical Difficulties, 

Such Problems AS INMNITIES Crop UP Which hAve TO be deLT 
With by Tricks ANd Miwcic Awd A Lot of hind WaviINnGe. 

As we onderstind Q.6.D Tormy, TheRe 18 t only ONE formuLATIOW 
OF Which YTeESULTS From ModELiIMe The field AS fA Series of 
OSCILLATORS. It 1S fr CONSeQuewce OF This formuLANON ThaT 

E lLefps TO The TECHNICAL DIFHCULTIES Which cAruse US TO 
PovbT The vAtipiN OF Q.G.D. WE ShALL discuss These Problens 
AS They come uP. So Let's Proceed pAyd See WhaAT 1S 


for us. 


IN STore 


WE WILL beeiIM bY EXAMINING The INTEVACTION PIGtE OF The 
h#amit TONIAN Which Cfuses ALL The difficorry. SINCE we ARE 
GOING To reSTVICT our ProbLem TO HST ORdER PEerTurbATION Effects 
LT is PossibtL€ To dischrd The Second order Term iN Ac, The 
A* tern. Atso if we consideR The GREE V'h20 Then 
ie => AeP Aid , us : art R-A (x) 

Pts THE Momentum of ELECcTrON ANd The vecToR PoTENTAL 


is RehnNed AT The PostTNoNn of The ELECTRON. Now SubsnTUNNG 
for A we have 


_* . «cK ® —— me , 
Hier = 2, r \( Pe: )e An + (Pence = Ans 
sialic ail Peg 
Now We ARE READY TO COMPUTE THE TRANSITION RATE, 
ProbCi—-f) , el Hwwr cecy | 3 ¢ Ef Ec) 
sec h 


BuT TO EvALYATE This EXPrEessi9ON We MYST ComMPULTE The 
Matrix ELemenT L2Wpe] Hine | We F ANd Thew SQufre iT TO 
GeT The ProRfbility. OKAY, we Need TO déscribe The &@ ININAL 
fraud fing wve WNCNON of The s¥sTeEm. 


The intihtc whve fUNcnon IS Given fts 


Wie | Ay. O00,...,000> 
IN words This SAYS Thar The ft0m is ww STATE | CAN ExciTEd 
STATE) WhilGe The field is in The Ground STHTE Thys ALL 
The tévoes ( Aw INF NITE \ UMber of Them) déScribe The enero? 
CONTENT of €&ch mode, The hwat sTATE OT The SYSTEM 


is Wr > | Acs 000,1,...,0,0,0 > 

This SAYS Tne ATOM 1S NOW IN ITS Ground STATE Whil& The 
etd has ONE Mode which has AbSor bed ON € PhoTON ot 
tnerey~ The ewGre@y The ftom Lost. We'te ChArAcrerite 
The ExciteD mode AS K= XA And be 4 The ENErey STATES 
of The SYSTEM ATS Given AS 


ComdiTion ENERGY ATOM diced 
CNITIALLY Ey = €& +* © = & +0 
fin & ley Ef = Co + Huy = Sot heh 


Let's write ovT Wo fd Pe iw Terms of The product of whve tywcTI0N 
To heve cLATItY The metminc of The dirAc NOTATION MS USED Above. 


W: = LAs, 0,00...0.90> = p, (X.) Qacgud Yo (3a) Q. (hs) ose Dol Gn) 


P.c%) is The wave fywcrion of The filom IM The Arst ExXciTED STATE. 

The MAThemaATICAL EXPressioN ot P, (xe) 1S X TIMES A GAUSSI FH distribenon, 
The wave function of Tre N& mode ot The fetd Ig Given bY A GAUSSIAN 
distribuTiow since IT 1S IN The Ground STATE CALL Modes have GAvSS ifn 
disTribu Tons winAley There fore Googe. n) ® ent Yui fu ) we The 
4iNAL STATE The S¥sTem whve Pecnon IS Given b? 


We = lAo 0001... 0,007 = 0%) Go Gs) Pocge) Pos) Pr (G4) aoe Po (Qn) 
HERE The Agom has A Wive Wycriow Pace) which A GAUSSIAN Since IT 
IS IN The Ground STATE. The fyetd Now has one Mode Which Is 
ExciTed ,cALL 17 The Lg mode Which has A Wave fywcnon FP ( Sei). 
whi No we cin RY TO COMPpuTE The rATE ot TRANSITION 
wilh The iNformMATION AVAILAbLE TO vse, 


The MATFIX ELEMENT MUST be worked OT, 4.2, 


(H 9 < Ae, 0,0,01,...9901 Hurl As; 0,0,0,---0,00.7 


Now SYBSTITYVTE Yimr IMTOO TiS Ex pression, 


= re. ~cheR ® a oie 
CH yur) . 2s i. ZA: O001...00 (Pye * Que + CPeCx sy) Gn ce 
fe we ei S) Crs 4 —— ‘ al > ‘ A,. 009,---0,009 
: (ty fe wy 

we hfve TO hevure oor WhAT This Mess FEDUCES DOWN TO, IN DRdER 

To Proceed We hfve TD GECALL What a, And Oy, Do TO The whve 
fupcenens oF The Fietd. ForruwiterYy we ALREADY KNOW The ASW; 

WE WorKED IT SVT b&eK ON Phee 197. Atmd G* hive The property 


Th AT qa Qn ES Pes 
OW qr = {%, Pr 
R 


ThAT 1S QQ" creates A Quantum of ENErey And Thus PAISE The 
STATE of The SYSTEM one UMIT. A ,oN The OTherhfnd, Lowers The 
Eleens™re one sTep Thus corresponds TO Emission of OWE Phoron. 
We Should NOTE ThaAT The OPERATION A Qo Produces tero 
SINCE Yo 18 The orouwd Yov Chn'T Go LOWER TaN ThaT ONE. 
SimibAare® The ProdyvcT Qoa™ =9 br COMPLEX CONDUGATION rules. 


i 


Theretore we Don'T h&ve TO worry ABOUT The TERM QlAv;0,00--- 007 =0; 


This 'S gust A resuL.T of The Absence ot ANY PhOTONS INITIALLY Which 


CAN be AMNIHIL ATED. 


SO NOW WE SEE WhAT HAPPENS When WE CALCULATE The 
« tw 
Ettecr of Gyr on 4 Ag %9,0,0,... 00). Since Ane Po(G,) = {Mt Pn 
ir APPeARS TnAr EACH mode of The fietd GeTS EXcITED bY ONE 7 
PhoTON, BuT THAT'S NOT WHAT hitppens becfAuse EACh PAIR OF Modes 
MUST be OFrTROGONAL pberween The nin Awd war STATES. SINCE 
iN The fuar smTeE There IS ONE PhOTON IN The LL, j mode, ALL 
The Omer K,¢ Mode musT REMAIN ZECO OTherwisE we fre producing 
hore Phorons C i-t., Ewercy) Thaw The Atom CAM Supply, The Summ ATION 
: ; 
over ALL KK,c is Gero UNLESS Kc = Lj. Therefore Q,. $.(9." ) = | f(g.) 
And oz J 4 Dat, 
~cU'xX 


hee = = 8 ZAP es 2 
Am (oye ig lA. > 


WE Cis Now sQuAre This 
rATE, 


EXPess iON TO COmpoTE The TrAws iTNON 


ay > 4 eu 
Ccimfl = e [LAL Pepe | Ar) < WSC eo rho e,) 


Sec 4mictw? 
tere we PUT IW The 


4UNCTION. Do Wis IS The FESULT but IN fe form wrtich 1S MOT TO USefvL, 
USYALLY WE ATE INTERESTED 


WITAL fd TwAL Eweret values iN The deutA 


in The probabi vir? of Findine The 
EMiI{TED PhoTON IN SOME divéCTION IN A SOLID ANGLE dL. WE wAWT 
To INTE@rATE The Above EXPRESSION Over The volume dL or In 
Terms of soLiD AWGles over The differewTiAeL voLuMe, cen)? 


nL o.5 (ds, dx 
(en)? (en)? 
Thus de ahi " 
Pcérs) - _e* | SAol?-G; @ \Ar>l | S(€.-GQr heh) Dddda 
SEC 4m*ctwy* iy Cen) 


here | SupsnTvTeD wy = LC INTO The del Fe funcnon TO Cet 


The Richy form for iwTeerAnNon. IT 1s Wow STVAIGChT forward trom 
here SINCE SL FG) dx = + 


2 
= 
Q}.. 
bag 


Pico 2 _ et LO le 
sec IOm*cta. > ch” 


We CAN SIMPLIT? This SOME WhAT SINCE a > A! 


Wut ct 
é- ba es pil ; 
PCe-F) iro dR = S | LAolP ey: e lea! Fhe d 


Sec leti* mcoh” 


And This iS Tre fwSwer for CALCULATCNG The mre oF SpownTANGovS 
Emission OF LiGhT AT frequency Wy = €,-€. into A 


Oirecnon dQ, The feswer IS ALSO VALIR Kotor iwdavuced 
PosorPNON SINCE The MATVIY ELEMENTS fre EQuIUALENT. 


AZ, REMARKS ON 1ST order NON- RELATIVISTIC 


PERTVRDATION THEORY 


Before | GO on T® DiscusS The 2 order PerTYrbATION 
Theory And GvEewTVALLY DISCUSS The TELATIVISTICALLY in VATIANT 
forms of QED, I'd LIKE TO Discuss The LimiTATIONS of The 
Theory AS We currenTLt KNOw if, 


WE hive beew dentine wilh PYohLEMS Where WE wAnT Td 
CALCULATE Te ProbAbitity Per second WAT ft SYSTEM WILL MAKE 
A TVANSINOM From some winAL STATE % TD Some TWWAL STATE 
5 if The SYSTEM IS ACTED Upon by AN ExTErNAL POTENTIAL. 
We Learned Tne FORMULATION OF The TrANSITIOM RULE C SomeTmes 
CALLED fermisGoldéen Rue ) As 


2 
TRAns. Prob = ¢ ( Porenriat); | » (dewsiry of STATES) 
sec bh I ¢ . 
Where The density of STATES bb Given bY 
KedK dm _ wtdn 
cunc)? d& CnucPhdw 


The Por@riAl could be A VECTOR POTENTIAL of The form 
A 22._[4hc | Cini as ek + Ape e &, | 

Kilt 2K. 
From Ths PoTENTIAL We deveLtoped The IMTETACTION beim LTO NN fi 
Aid wrote iw AS a 

Hint = @ %- Ao) 

mc 

PR, beim The ELE<TYON Momentum find A VW) IS EvALvATED AT The 
POSITON of The ELECTRON. This interaction Term WAS A 


CONSEQY EWCE of ExpAndinec The TH TOTAL HiMrLTONIAN of 


The SYSTEM 7 i ee Sy 
He otro SA) fev 


Now There iS fA PIEce of The Kamit TON IAN pes, SAA 
Which we hAVE NEGLECTED, Tre RESON WE NEGCLECTED IT 


WRS DUE TO The APPLOXIMATION MAde IN) CALCULATING The 
AMP\ITUdG TO Go trom & to Ff > RecAlL ThaAT 


LWeL War = 2VEWe> - Se LVEL Sod Hee) ath We > Foe 


BY EXPANDING TO first ORdET WE ATE PhysICALLY YESTRICTING The 
POTENTIAL To ACT ONLY ONCE beTween ¢ And F. AS A comsequence 
of Tis fiesr order APProKIMATION We hfve NO vse FoR The A-A 
Term. which This TEYMS describes A Twad-fold ACTION of A om 
The TTANSITION. Since we Ave deALING with HhivsST order ApproximATIONS 
The oPerATORS GQ And G® ONLY WoYK ON The PhoOTON STATE 

ONE TIME. This MEANS Tht The Final Add ininAl STATE CAW 

differ by ontY ONG PhoTON. WhAaT Then of A S*STEM Where 

our CAVITY 45 filléd With f& LOT OF PhoTONS IN sity Mode we, 4 
(CALL Them Th; PhoroNS) ANd A Tr fSITION OCcurs beTWEEN z And Ft! 


USING The CrefTion find ANNIHILATION OP ErTATORS a” And Qa, 
respecTveLy, we Shoutd Find jN GenerAt ThaAT The ProbabitityY 
To MAKE ATRANSITION IN ThE DARK 1S ProPORTIONAL TO Fre—darK 


Nith. This Ffottows from The Quantum Theory oF OSCILLATORS 


Which PredicTS 
Znrila*ien> = Ynr HRS 


And The Probability TO Absorb A PhoToON IS PropormorAt To N, 


This touro a 
' Ll WS om bee) GER 45 m mm 


The POObAbILITIES ATE The sQuAre OF These MATRIX ELEMENTS. 

The LAST EXAMpheE We work ovT wAS tor The case N=O. This 
fiss¥ymeR ALL The modes of The hetd were IN The Ground STATE. 

Thus OoNtY ErissiON Could TAKE PLACE Where The fom Excited 
The held witR one PROTON. We CALLEd This EMISSIOM SpowTfNEDoS 
in The Sense WAT it Divn'T NEEd TO bE forced ExTer WALLY. Thus 
WIThOUT DOING TOO much worK WE have Lefirnéd how To Extend 
out resuiTs TO A S¥sTEm where BOTH MbsorpTON Amd © MISSION 
CAN TAKG PLACE. Further we CAN CONCLUDE MAT ? 


ProbaAbitily OF Emission oF = Ces oa hg Ne) 


find ProbAbiit? of emu = Bi+ i Vz) 


RADIATION EQGuvitibRium 


The coefficents C#B Are eouAlL Due To The FACT THAT 
The Complex CONJUGATE oF The VECTOR POTENTIAL EQUALS The 
VECTOr POTENTIAL ITSELF. FROM The resucts Thus SCbTmMNVEed we 
CAN Concwee deduce SOMETHING AloovT Ther MAL EQuilibRiunm. 
Suppose IT have Two smres bt f system, m and 1, Eftch CONTRINING 
Nm and Nx fons Per oniT voLume. From Thermodynamics we 
SAw TaaT FOR Equilibrium The TwosSTATES Must be IW The rATD 
ae Nm i e = CG m-En)/ pr 

Nu 
This S9STEM Will be IW CQuiLibrium Wilh The radiANoN heed 
\f The Number of Atoms GoInc from mito nN Per vw~it TNE by 
Absor pon of PhoTOWS Ch Ys») EQuALS The PUMbe Gone trom 
Nrom b? Emmsion. WE MUST REQUIRE Then 

NaN, = Nm C It Nwn) 


OR VSING The froove reELANONShIp (Em-En)/ p- 
~CEm-En)/ pe 
e Git 


Ving 2 Nwn) 
SOLVING for Nn , ' i 
tian = “ae SO ee 
re ened ar x 


This 18 The PLAWCK b&LALK- body distribution LAW tor 
Nan PHOTONS of treg vewcy, Wimn. 


b might Add one forTher commenT ThaT The EMISSION 
Process described here difters From The CLASSICAL FESULTS, 12, 
Whew The tietd 1S modered AS A cLASSICAL WAVE, by The 
EXTYA Piece “Dove T SPowTHWeous EmissiON. The resorts FoR 
Absoe;Tion ATE CONSISTENT, 


MANY ELECTRON SysTEM 


So tr we hfve restricted our AWALYSIS TO A SINGLE 
ELECTCON SYSTEM 1.8, The hydrocen ATOM, IN Generfl We WiLL 
have A INTErACNON HfmiLTONIAN WHich IS The sum of ALL The 
IMdividwAL ELECTRONS, j.2., ; 

Hie = oy Beye 
Me m0 


When dealiING wiTh MANY ELECTTONS AT A TIME IT 4S MORE 
CONVENIENT TO DEeTINE A New OPETATOR FX) , The current 
dews 3 
seas. Tiny = & & Pa SCRH-H) 
~ My ¢ 

The wwTérAcroN Term Hint GAN be CONVErTED TO AN INTEGrAL 
ot The form 3 

Howr = J Tix) :A (x d?x 


SobsnmnNne for ACH) we have 


OW s 
Hor = —b | [Ta-e, die © 


ME Toye tne [ds 

VLwKm 
Since gcw = | Tex) et K* J? x = Source Testor of ea 
we observe That “The PEYTVRbATION GeTS STYDNG if There 1S A LOT 
of Juice ot IN The K™ Hode. The Ampiitede To MAKE EMISSIONS 
And fWbsorprions 'S Then : 


Amp. To Emir a [nt | ycm)| Cr, 
mr 


Amp. TO Absorb = fn 1 4S) wan Cx. 


Se dtr we hve ONLY conSidgGREd TIME dependent PErTurbATNON 
Theory AS iT APpics TO The SChrodiINGeR EQuamon. WE HAD Solved 


The wfve = egufrnon 
show. HY 
ot 


Where H wfS €xXpinded IN A Power Series, Ho tH' t+ Ht . A 
More ACCUYATE rePpresenTATION OF The S¥sTEM IS To MAKE 
The HAMILTONIAN INVATIANT UNder TRANSLATION. This IS DONE BY 
USING The dirkc EQUATION GOWAN 
Ho» -= XP Tt i) m 

Where NO EXTENAL POTENTIALS ATE ACTING. IF PoTENTIALS Are 
AC The 

TING N Hox = ~+-(P- SA) tpmtv 
gs find 6 Are OPerATOrS which WOrK ON The Spin UATIArbLEesS of The 


S¥sSTem, IM The dirAc EQUATION THE INTERACTION TERM becomes 
Hint = — Al h-A 


WE CAN wriTE THE HAMILTONIAN oF THE SYSTEM THEN As 


KR = Hon + Hose 
Aud SINCE How = Hoe t Hint we SEE That AGAIN 
The HAMILTONIAN breaks IM 3 PARTS. From This EQuATION We 
CAN GO ON TO dévelop—E A Meanitestey relativistic form 
for The |NTErAtNON PTObLEM WiThouT DbdING A LoT of Tedious 
week, i'd Like ArstT TO Work od some MORE Problens. 


SCATTERING of LIGhT From AN ATOM 
SECOND ORDER TIME DEPENdENT PERTURLATION ThéEoRY 


WE ARE NOW READY TO GET MORE COMPLICATED bY CONSIDERING 
WhAT WAPPENS BH IN The Next orden APPrOXIMATION. LET'S Review 
bricfLY Where we fire And what A 24 perTUrbATION MemwsS PhYSICALLyY 
During A TK APSINON Process. |mMAGIWE A TYANSITION TAKING pLAce 
im The Time inTervac of tT We WANT To KNOW wiTh WhAT 
ProbAbiuiry A StsTem sTArnNG IN STATE 2, Wilt be found IM A 
PArTicoc Ar STATE + Aer A TIME t, ONE way To oct from i-vt 
1S To Go direcTL¥Y withooT Any disturbance} we cALL This The tERO 


order Term. The AmpliTUde To Go from i-7 fF wiThooT An INTEFACTION 
“tC Es - Ec )T 2g & iF Eee és Fe ad 


\$ JusT . 
< WY lpcr = dgi € 0 if Et? Ee 


IN The first order Term The INTERACNON occurs once O order f 
At time t=t, ANd The AMPLITde TO Arrive At $15, 


a il +cE¢(T-t) toa aS 
€ 
-u | dt cy; le eect 
5 \ ¥ (Huns), € | ¥e> t-T —- f 
The second Order TErm ALLOWS for TWO INTErACTIONS ze, 
ove At ti fwd The oTher AT tr, The fmpeimde To MAKE 1D order 
A TTANS|TION IN Second ORDER IS 
z° 
; re _¢ i €¢(T-ty) ‘ 
l-i)” x re ER( Cr-ty) LE, 1. 
Lo i. dtz\ dt, Lp, e C Hine) 2 (Hint), € lp> 
6 t-T-- § 
The difterfms Show The Time ordenne of The EvENTS. bx 
“te 
IM The SE€cord Order Term tr. >t, ANd we MUST Sum 2.04 ordey 
t=t, 


OVEr ALL POSsibLe wtermediATE STATES hk. 


EZ, tz ‘ 


The INTERMEDIATE STATE 1s StTEM cALLEd A viRTYAL STATE 
SINCG IT ONLY LASTS A Short Time. IN ORDER TO EVALUATE 
The INTEGYAL WE hfve TO OvErAGEe OVER A Lone TIME T AS 
We did in The firsr order Probeem. Ty Pet The INTEGrftnd INTO 
& More iwtesrAblre drm Consider The toLLowine ExponenTife 
RELATION Ship 


CEg(T-te) cEgte-t.) Cesk CE:T iC es-E:) CT-ty) cE, -6;)(ta-t) 
e e e = € Ee e 
When 7 1S VETY LARGE gia AVERAGES ovt TO |, The middle 


TERW eo @ GEE Gy) CT~ oy) will Produce The dertTh }YNCTION 8 6s Ec) 
Simufr TO LAST Time, The LAST 


is of THE form ©  glE,-E:)t 
\, e dt 


HERE we have AN IMTEGYAL Which IS divereenT ANd OSCILLATES 
AKhouT EERO uNtesS ti-G IS SMALL, 


TErM MusT be inTEGrATED And 


we SorsT inserT A SMALL 
CONVECGING factor, er. INTD The INTEGrAL ANd 


INTEG@YATE. 
IM GENGErAL 00 Bi og 
Ee Es kU RE Rm EPR 
: x 
® xTcEe 
Therctore oo cCEn-Ei)t -eEt ; 
e dt = : 
° E,-E¢ tee 


And FInALLY summine oveR ALL Possibte STATES hk, we have 
As Tne 2 order TRANSITION AmpliTUde, 


Mei = z Ze Clea C Hinr) ge 
me 
Ex -E; ree 
The MAtYix ELremenTS CH)¢p And CH)Ai Are Never VvefiLly 


CALCULATED SO WE Lefve The Answer IN Tris Horn. We cA 
compare Tris resort TO The tero Awd Hest Order 


(0) ) 
Migs = | Mes = -t CHmr)si 


hk 
The fornvt a Sor CALCULATING ThE TRANSITION PrOBAbDILITY 
Cam be GenerAlited IN The foLLowiINe SIMPLE torn: 


AmputTyde 


TRANS. PROb = CH | Mgz)” 9 CE&F- Ec) 
Sec A 
This \S A beavntoity SimPLE FesviT bechuse iT IS NOw POSSiIbLE 
TO Go on Tay hicher order TERMS WiThooT DOING A LOT ot 
work. For Exampté, The Third Orden TERM IS Given by 
i; = a x C Hine) ¢ C Hur) ep CHinr) 4. 
am & CEs-Eiree)C Eq- Gi ree) 
AT S\esT GimNce You mAY Think The deHOmMINATOR IS ScREWY 
Ad UNSTMMETIC ANd Should be CExe-EanrienCEkr-Ectee), 
ThE imporTiwT POINT TO REMEMbER IM WRETING™ Down THESE 
EXPFESSION IS The STTENGTHR of The  NTEr ACTION C oF resonfnce If YoU 
LIKE) depends on how Hr fou Are AWAY fom MWe wina STATE - ALWAYS! 
If ALL THE EXPANSION TERMS ARE TiGhTING EACHOTHER AT The 
SAME TiMe, IT 1S MECHESSARY TO Add vp Ale The Me; Js 
ANd ThE N SQYATE THE SUM TO INSErT IM The TrfAwsirion 
RATE formutA. One fvaAc comment Here: The facror 
VoeR- Ec réeé) IS JUST The fourier Transform of The 
free PATTICLE PropAGCKTOR gt eee Seo by TrAnshrnine 
IMTO MOoMEenTVM SpfAce our rues for Compurinc APPLITUAES 
STAYS QUuITE SIMPLE. 


LIGHT SCATTERING trom Aw Arom 


Now Let's terven TO The probeem of LIGhT SCATTERING trom 
AN ATOM. Tf The INC\dDENWT VAtdiffmnoN§ scaAters oft The At0m without 
EXCITING ATOM how chm This Process BE DESCriDED! Assume The 
ATOM STATTS IN The Ground STATE frid ENdS up IN The Ground STATE. 
The IMcoming PhoTON hfs A momentum fxd POLARLE ANON Ik, G, And 


The ovTGoInT PRAY WAS MOMGNIVM Awd POLATI TATION Ki, Ee. The 
Ima 


d therAn oN the Richi describes The Process ¢éS¢ribed. 
Atom 1) 
é 


KK 


The INTEFACTIONS OCCUR TWICE but ONLY | PhoTON IS ExchANceD 
AT fA TIME. FIRST AR PHOTON 1S Absorbed ANd Then A 


INTEr ACT OM 
SECONd FEMITTED. SINCE WE KNOW THE formoif tor Aron n 
SIMGLE PhOTON FbSoRpTION find EMISSION ,WE CAN WRITE 


f —_ INTERACTION 
Pown Me 


IK, ; Atom 0 
2 
14 ) 
Ds 


MTIAL 


( e P.: reas 
oa oe Zu, (= 


MK 


Awd = Clk, + Ke 
(H ir)» a <a, e 
mel2 Wx, no 


The iINTErmediaTeE sTATE OF The SYSTEM, Nn, MYST bE SYMMEd OVER 
TO iIMcLYUd& ALL POSSIDLE |NTEFACTIONS, The matrix ELEM eXTS 
Con And C)no demote TrfssiNonS between The ceciTed STATE 
n td Tre olfsiiiks smite 0 ANd The Grevnl STATE O TO ExXLITEd 
STATE N resPecTvel?y. We tHAve THE ACCOMING TO DUR RULE 
for determywine Myc 


mM ke Pre Paes he 
oe (See ) 


J (én - €o-R k,) 


a 2 CK, * ke 
| ( © Fe e@y. © 


mc. 2WiK, 


Hive We Summed oveR ALL POSSIBLE INTERMEDIATE STATES? NO! 
There iS fANoMmer why ThaT The Sfme Process CAN OCCUR, ThiS 
TIMG The PhoToON IK. dom: NOT ACTUALLY INTETACT WiTH The ATOM 
bur rftTec The ATOM EMITS A PROTON Ki ANd Then Terns Around 
ANd fbsorbs 7 baACK. The Di ifcRAN foR The Process 1S OW The RIGHT: |ATOM,0 


Mi . ime e Pe = Be re ree ft eee 
z = Mme a 
F n ia Aye oer arr — hw) 


The dewomimator Terils YS MAT INITIALLY 

i > €o thw, 
lg, The AVORM IS in Everoy STATE €o ANd The PhoTOM EXISTS. 
Ad The INTermeds ite STATE 

Ep = Ent hw, + bor 
é., The ATOM IS IN ENERGY STATE En ANd Both PhoOMs EXIST. Wwe 
MusT Add The TWO AMPLITdMES TOCETHer To GeT the vOrAl fmptitvde, 

“Dewe 


The fmpuitede for pene roca ts Kia Xe 
Me 


Now po we hfve EVETYTRIMG CompuTed VAGhTS Noll WhaT 
About The A‘A Term ¢ Whar bdo This Term po? IN This 
Process Phoren Ki ts Absorped ANd Ke is Emi TED withooT EXCITING / 
The ATOM. The AMPLITUDE for. This TYANSITNION JS 
a ee ee 


oO 
mcr ° 


Thus we hftve Trtee TETMS To Add TOGETHER TO CCT 
The Compicre ANd ACCUFATE SCATIEMING Amplirvd 6S. 
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43, Ligh? ScATIEVTING FfrdOmM FA RELATIVISTIC ELECTrONM 


id NOwW LIKE TO WorK OCT The problem of LIGhT 
SchiTer ING from AN ATOM Where The INcidewT PhoTOW 
hits Av EN@GY COMPACT ALE TO The rest mass of AM 
ELECTION. For The GYérey Yiwce of INTErEST The GAMMA 
rays have Such A high Momentum THAT The possibility 
EXISTS TO Prduce A PONE 158. AN ELECT YON ANd PdoSITRON. 
WE Ave INTEVESTED HERE IN THE BCASE OF The EVYErcEeTIC 
PhOTON HTING AN ELECTION Which (5 FrE€e(its Enercy iS 
Greater Than The bindine Ewercy of Bev), So The PRdbLEM IS TO 
See wWhAT happens when A SLUGGIShH ELECTYON GETS CLObbercd 


by A&A powerfL PhoToN. 


We ShALL Assume The ELECTTOM hAS MomenTM T find 
The preTon Kae pnneray Equtt TO mc Where m iS The MASS of 
The ELECTYON. The VELATIVISTIC ESErcy df The ELEcCTYON IS ThEN 
E> [mrttm? where C=l, The Pphown is describedt by A 
FrEQUENCY | Wa, mid WAVE NUMbEr ,KKa. The phoroN !S further 
described by A PArTIcULAr POLATIEATION VECTOR @y. For GAch 
vVALUe of IKa There Are TWO Possible VALUES foR @a, EAth bene 
AT YicghT AWeles To Gch OThers The Problem is To figure ooT 
WhAT WAP pars When The phon INTEYACTS WITR The €LECTTON: 
The diAcram for This INTECACTION 1S TO The richT: 
The diAGvaAmsS Teuls vS ThAT AN elecTYOM of-momentye P,, 
ENérey £, Absorbs A Photon of frequency Wa WAVE Number 
Ka Cis. (T IS ScaTreved bY The Vector POTENTIAL ot The 
QvftNtum Ferd ); Men The €LectVOn PropfmonTes AS A 


REL Kb, wy, 


free PATTIKCLE WIM GwercY E, + hun vaTin NALLY . 
The erectrons EmiTS A PhOTON oF ENEroy HWb, Whve PLE, 
bed i 
Number Ke Aavd POLAT CANON Ep. Ke, We, 
se 
| winT To clarity belore 1 Go on, WhAT | Mot When 


i refer TO A FEL ATIVIsSNe Or NON-CELATIVISTIC Problem. The mon 
YELATIVISTIC Problems reEelATE TO SYSTEMS Where ALL The verocitles 
Ave Low wr AS compared TO The Speed of WehT. When t AM 


dealing VetATivistic’ Problems | will PriMAVILY be workin 

IM reraTONShips Which Ch besT be described AS MANIFETL? 
VELATIVISTICALLY jaivAYI ANT. Here | Am STEALING Schwincet 'S 
TEYMIMOLOGY bechuse IT COfrEcTLY déetweEe dehwes The SITUATION. 
By Tus EXoTIC NomMenCcLiture we réeter TO ff METhod of ANALYSIS 
Which IN ITSELE 15 NOT LELATIVISTICALLY INVA AMT , ONLY bechusE 

IT doesn'T PrPPGHr 19 bE + buT ULTIMATELY The SoLuTieN | pwd The 
AMALYSIS, 1S TROY FELATIVISTICALLY INVATIANT, This 1S f& Tremendous 
help in work OUT Problems IN Q.6-d. becHuse YELATIVISTIC Term moLou? 
Gers Very con fsine ANd hard To Keep STrMehT UNLESS You KNOW 
WhAT You tite doince. | SHALL be WorkiING With The MAwiFesTLY 
FELATWISTIC NOTMMON Pld Show YOu how To demonstrATe War The 
fuswer ff ACTUALLY INVA ANT. 


We chin NOW STATT The Problem by ASKING WiTh WhaT Prob@bitiry 
The S¥sTEM hAS TO STAT IN ITS DwIMAL STATE & ftnd ENd W The 
Fmt Soirée AS described by The difcrim on The Previous Pace. 
From our RULE for CALCULATING The TrfWSITION RATE, 
Prob. TAwsiNon 


Lu 
S$ ec 7 y IMs 9 ( E.-6&, - Watwb) 
The detr& WWcNON CowTmMNS The (ONSer VATION of ENETCY CrnitenA 
Sor Tne rércTiON TO GO, Jn frdd TION MOMEwTM MUST be SAanshed 


Thc ve fore P. rik) > P+ Ke 


Where | Looser’ inTerchfAnNce Ko fiid Wwe. 


To CALCULATE THE TrawsiNON MATIX ELéemavT Mfr We have 
JusT Learned from our LAST Lecture THAT 
Mee > Le Hep | Hp: 
Ei: -E, ree 
Herve we sum over ALL POSSIBLE INTErMEDLATE “STATES 4 Where 
Tc ElLectTvon HAS Eweroy JP, + We. WE MUST CALCULATE Tne 


INTEr ACTION Terms ForRu The Process, THE Process, by The why 
IS COMMONLY fEeterred TO AS The compton effect. this 
EffecT <onsisTs of the ScATEVING ot ENErGETIC Photons by A 


free EL ECTYON. 


Ez 


SINCE We AYE DEALING WitTh The recaTIvisSNC TreATMenT 
ot The =ELECTYON, WE MUST derive The INTeyACTION Term from 
The divAc WAIL TONIAW. IN GencrAL The divAc EQuATION IS 
GIVEN by 


olor 


oP s [aeC-iV +E K) + omit eArl p 
where At > V The ScALAY POTEVNAL. Ths EQquAMON doeSnT 
LOOIX (variant IN form bvT IT IS Good for worKiINGg ouT 
Quantum MechAwicnL Problems. IT 1s NOT IN Al dbvious LY 
INVAVIAWT form. Let’ see whAT chn be done TO MAKE IT 
Logik INVAVIAWT. The DivAC THMILTONIAN 1S GIVEN by 
Hoe = a8 C Pp - <A) tram + A, (x,t) 
Which Ssovrves The Above CQVATION Wit 


ho Y- Hoa yp 


c ot 


lf we mottiery Bom sides of This EQUATION ANd EeArrANcse 
lhe TeMS WE CeT 

a wg = ee ee aoe — pe 

Lec R2 -ehe)- wade Civ-ca)] p= pap > mp 

Where ge Ye >t And Bax= Me | Bay > by , pa; - i. And O49 BEV 
Ya 18 & four vector Which we has discussed Previousey pd 
Whose Properties fidd cComMMUTATION TULES Are KNOWN. WE cftN 
SYbsequewTLyY reduce The dirvfAC GCQUAMON 7 Tne retfhmvisncAll? 
APPEATING form 

L Yu (Pu- € An) | P= my 
WE Therctore have demonsSirArMm Tre INVAmiftce of The origin AL 
Expression for The dirAc EQuANdA. 


+) 


ReTUCNING TO The jNTEFACTION Piece THAT WE WANT, IN The Absence 
of fh EXTEONAL PoTeNTIAL The “Dirfc Hfmil TON An, Hoe , 1S Just 
Hp, 0 = oP tom 
SuerfeDNe Hp,o from Hp,A we GeT The INTEACNON TErN 


H' = -e we AWW +t At xt) 
Cc 


For Now We WILL ONLY Consider A VECTOr POTENTIAL ACA 8, 

ACX) impeies ThaT The INTE ACTION HAMILTONIAN IS INflLUEWEd by 
The QUANTUM field vAYIADLES whiLe ANd Ac Impuleés The Presence 
of ATOMIC VATIABLES CramNne The PoTenNAL. 
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Now The sorun0N TO The Di Ac EQuanon for # tree equ 

ELECTYON IN Me frosence of A POTENTIAL 
-U Pex 

SOLUTION y - the 


1S GiVG@vy BY The 


Which ProdvCES =< = 

Cos P tam) U= Eou 
Whem The pling WAVE Piece Oe?” 1s TAKEM OWT The 
FUNCNON U tS four “eer be four matrix descri bine The 
Photon ENercd Awd MomboNTum. WE AVE INTETesTeEd IN COMpOTING 
The Mftvix ELEMENT bAWEEN SrATES L ANG DB wil STHTE- 3 
bene The intorwRad IATE STATE. #. This inTer mediate STATE, 
Of VIRTUAL STATE has MOMGVTVM P3 = At IKa. Now WECAN 
WOITE The mftwrif ELemenT Me Hpi 


Me = Ee et Cu Comet) Us) te CUS" Coles) Ue) 
3 L 
C V2Wb CEp. + Ka - Eps +cé) | 2wWa 


ReAdine YIGhT TO LEFT The Matrix €LremenT SAYS TWAT ELECTYON 
IN| Stare Ui Absorbs The ghoN of POL ATItATION § IN direcTION Cu ; 
Thea \T PropacaTes AS A Free eLecTrON of ENETGY Ep, tiKa~ Ep3 
Wherevpon tT EMITS A PhoTON of POLAT ziTN0N ey (The STiy dewvres 
Em ssi) Ad FNMLY we ASK TO fivd The ElecTYON IN one of 

iTs CleenSmTes U2, 


u 


i 
How DO WE CALCULATE Hsc ? 


Well we KNOW WhAT The 
r -ULeX ‘Ux 
The vector PoTeNTiAL iS, A = ai le : ¢ 
and, r Taare Lae eae IE 
\ wk -cl: cl'x 
H ki = \ Wr { Ke ya & evar e ‘ *, €.a. © 1} dva 
4& we 


IM The @epression for The vecror PoTennAk AL And ac*™ frre, (eS PeeTVeLy 
The operators for The EMIssiow Aid AbPSOrPTION by The h™ OSCILLATOR 

of fA PROTON. But TO EVALUATE The WTEGCYAL WE MUST KNoW WhAT 

Wi And Wr ave. MeL Wi dewore The composite satis Foncnom tor 

The s¥stem Where The electron iS IN STATE L And "The PhoTONS, Are 

IM The field, VR denores The SMITE Where The ELEecrron 1S €xciTed TD 

STATE 3 ANd The PhoTONS Are IN The R™ mode. 


OE 


Has > | Qe Hur Qe We x 


SObsTITUTING IN FoR HinT 


Lx 
“ss a ae . 
is WE Qe l oe al gees Tay 
? L © LWe 
SINCE GQ, works divecTlyY on Qu To Kitt The L® PhotoN To /Ka 
* 
~ ti N= Number of PhoTONS 
j Gp AM du io we have 


jt WE ONLY HiVE ONE PHOTON) PrEsewT IN The Progess 


Hac = Z ) Ye AvP. ) Y* ( «&+é) en * d3x 


SINCE a” hAS NO tMMedIATE SIGNIfFichhice. Voor 
Th 5 Ga A eee 
ie va = Ws (Ke ) YW déx 
Wika. Vewe 


We NOW MusrsubsnWTe IN The INTEGYAL The free Particle 
wtve FNCTONS ,16., 


b SOB ne ow we Wek CPYX 1s 
Ha = = U; € ; (Ke. ) € Ye a°x 
Vide, Yeas 


si ae -iL Pra -P]x 
— Ur CK-e&)u e d 3x 
Tryp, Y2WLe 


The wWtegerA TION Er d3K Produces The dem HwiTON 
4 C Ps - [IKa-P,) Which its NoThINGe MOFE TRAN A STHTemenT 
of The consevvANON OF MOmMewrvn. If YOU didN'T Remember 
TO RIChT IT POWN ININALLY The rule StY¥s you dow'T oo 
ANY Where UNLESS YOu Conserve MOMENTUM. The InTeGrATION 
Over The voLtuMe Ras been NOrMALItGd TO Vel Ser 
Simpricity, The Second part of Tho MATIX ELEMENT, ?-S, 
The Hep 1S found IN A Similar why AS ier. This TIME tOWeverR 
WE will USE The Qi operfioe To emit The phoTON AGAIN. 
Thus we GeT The FirST Term ON The richT hind Side ot Mgu, bf 
Hep, 1 U* ae es) Us 

Wye 
This completes MFi when The SUMMATION 1S TAKEN Over ALL 
The virWAL STATES 3S. 
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IT 1S Nor Obvious FROM ThE SommMATNOKW Over ALL The 


INTermediATE STATES THAT WE forGot SOMEMING - bat we did. 
There t§ ANOTnEr WAY 


Tae ScATTEVING chw happy Awd WAT 
PFOCESS 


has The ELECTrON EMITTING & phoTw ANd Sdbseqoewre? 
Absorbinuw The iwcidenT PhOTON.- The dittcram tor This POCEy 
IS TO THE RIGHT. The FRATTIX ELEN GUT for this 

Process CAN bE WITTEN DOWN FTIGhT Awhy From 


Our KNowLedGe of The LAST CrerciSé, |. 
* 
Hee ee Teeny! tb M (+ eo) Us] 
15 ct ES 
4 Tauck Ep, t wa) = C Ep, twa t Wie) iewe 


The dewomiwator chm be peT IN A differenT form Since 


ENGGY MUST be comServed 43. Epp TWH * GE, tWb So 


Th at 
(2) 


8 
Me: = ¥ cr Ur (% +e.) dal Lg" (x -e8) Ui] 
4 CY Gan lEp, - Epy hes] Temp 


The other MATIX ELEMENT For PRocess + 


IS 
ni. g et Lum cau-esjust L Us (%-e@,) Vil 
4 —_ 
3 e* ———$—$—$—$———$——$—$— ——————————————_—_————_ 


2Wb L Ep, ~ Ep +hw. | 


The TOTAL SY MATYIX fer ELEMENT for The SCAITETING IS The 
Ww) 2 
sum of The Two Pieces: Mi +t Mf. 


Now SOMETHING US VAL Occurs When SUMMING OvEerR ALL 


P0Ss\blLE IWrerMEDIATE STATES - The dirAc EQUATION ALLOWS For 
PoSITIVE ANd MECATIVE ENErCY VALUES. 
is A PeobfbyLiTY TO MAKE fF TT ANSI TION 
STATE. 


WhaT ThAT MOWS IS There 
INTO A NECATVE eEverc? 
WhiLE TiS Seems Like A phrsichltY STUPid 186A, WE cin 
pursue The ide TO see WhAT WAppens. WhAr we will Hnd 
6uT 1S TWAT The Meco AWG EGrercY STATES 


correspond TO PAMie 
Prodvcnon. 


Let's bEGIN bY SUMMING OVER ThE INTE MCdIATE STATE 


Sor process 1 ANd bpeAK The suMNATON INTD TWO PARTS: ONE 


OVeR PosSINVE ENETCIES of MOMENHA find The Ovher parry 
SUMS over NEGATIVE ENERGIES. 


Al 


oe * ® * - 
Ms: 2 7. ge (%* Cy )u3] L U3 CK Qu), * z Lu cox @8 yy LUFC @a) Ul 
73?0 Yavnwe [Gp +ka)- Era 340 iyi U(Ep, + Ka)x Eps | 
Whe RG Ex 2 * {m*c4 rctPe 


BY Porminc@ The Two Pieces over A COMMON denom INATOR 
The SUMMATION CIN be TAKG OVGF ALL VirrVéAL STATES of 
ENECGY Gps ne. over ALL SoATES of Uz Which incctudes 4 (2 For 


EAth Spin stare fd 2 for Ehth eNeroy STATE), 


a) 


= = « 2 oa " * ; = * ® [v 4) 
int Ll Z. [uz (as Cp )¥3 | ( Ep, tKa t rs) U3 c&% €.) Vid t y } Ur LH €y ) U; K Ep, tka Eps) 30M, 
Loan i E 2 zu es 
YWawWe L C Py +Ka) Eps | (4wa we Lce Pp i ka)” #3] 


The denomipater NO LONGEr depends on The SigN of The ENERGY. 
Now We vse The fACT ThaAT 

(Ko R + am = t Epa U3 
iS Bh SoLunonw TO The dirfAc EQUATION TO PermiT PYUTNNY 
BoTh PIECES OVER Fhe common AdENOMINATOR 


pies EC eh Cre wie teat en A Oe 


Att U3 
| Fue wp iL C Fe + ta) ) - Er; | 


since Us forms A comPceTEe seT of Whve fyWCTIONS The 
$um Over AU V3 MUST bE ce oe Z, Wy or = 
Y 


a) 


Me UC Kee) Cent hwo t Ke ram) CK ea) U, 
{4 Waws L CEp, rwa)* - Eps ] 


Paik PRODYCNON Theory 


ZR 


PAIR PRODUCTION NEGATIVE SEA 
ANd SPACE-TIME EXPLANATION 


TheReE 1S ANoThEr WAY TO LOOK AT COMPTON SCATTERING 
which tS A LIMLEe More SYbTLE IN GT PHYSICAL CONMOTATION 
buT 1S MATHEMATICALLY , Ard PhYSICALLY, ANALOGOUS JO COMPTON 
SCATTECING | THAT IS The IdER of PAR ProducTION. Since PMR 
ProducTON IS INTEFESTING | WOULd LIKE TO Give IT A LITTLE 
More ATTENTION AT This TIME. 


Pay ProducNoON CAN FeULT IN SEVErAL WAYS: A SINGLE PhOTON 
of Evercy GYEATEr TRAN 2m CAN INTEFACT WITh A NUCL ef Feed 
Eimer py The phoTow creamwe A PMR Awd The ClecTron INTE ACNE 
WITR The fecd ofthe phoTon Crennne The pare with The pos sTrow 
INTErACTING WITH The fleed. ALTErMATELY Two PhoTONS CAN 
Anus hivcare create Aw ELEcTYON And PposiTrON. ITN The LAN OR 
CASE ONG PHOTON CAM be SUppLied bY The CoVLOMb Ffietd of 
The NUCLEUS, | e-, 

Vey Sue ae 


The opposiTé "EACNON herve 1S pAir AMMIMILATION Where The 
Electron find posiTron Produce TWo cftnmA riys. 


The WTEESTNG MING AbovT PAI PMducCTION WAS THAT 
The ExisTence OF The posiTron WAS PredicTed bY The dir ac 
EQuATION, It 1S A CONSEQUENCE OT The dirAc wihve EQuUANOM 
MAT ParricléS cCAw HAVE CNErcIEesS GIVEN bY 


E= + y¥mici+ Pce 


where for A phoTon of tevro REST MASS W= K, The 
positive enerey describes The EléctroMN With Ordinfiyy 
ChATACTER While The NEGATIVE ECMEYGY SOLUTION describes 
New PARTICLE. 


The idea, first Proposed by cdinac, TO EXPLAIN The NEGATIVE 
Enero’ Roor CONSIDER A NECATIVE SEA OF STATES Which The 
PosINVE ELECTYON Or PArNcLE cCOvid MAKE TYANSITIONS INTO 
And from. For AN €LECTYON TO Get KNOCKEd OUT OF The NEcANvE 
SEA 1T had To receive 2moct from The CrerceTic PhoToN. 

IN ESsewce AN ELECTRON fNd A HOLE AYE creATed; The’ hore 
being We POSITRON. Dirac tMproperty Identitied The HOLE AS 


£3 


A PROTON. IN 1932 Anderson ExrerimMeNTALLY DETECTED The poSiTYON. 


Ome difhicuLTLY with The NecAT ve SecA IdeA 1S THAT The 
Process NECESSARY To Produce The PAIR IN fiddi NON 1S A Source 
of ENEYGY, This MAKES IT Seem LIKE AN IM possible Theor. 
Bur The dirAc EQUATION WAS SO SuccessTUL IN PrEdICTING 
the AvdOmic SPECTRUMS INCLUAING SPIN fact Ie fr RELATIVISTIC 
CondiNON ThaT The Theory must be RIGHT. A wAY o0T ot The 
ditemmk iS To Propose THAT The NEGATIVE STATES ARE NEARLY 
fui. A vAcaum STATE CAM be defined AS owe Where ALL The 
NEGATIVE STATES ARE FLL Cpon'T worry dbovT The intiniTe 
Amount of ENErcY NEEd Ed TO ALL The boTiomiess PIT) Awd 
ALL The PosINve STATES ARE EMPTY. What STOPS TRANSITIONS 
beTWEEN POSITIVE ANG NEGATIVE SMHTES 1S THE EXELUSION princi ple. 
AN ELecTrON of E1Mer SIGN, CANNOF Go INTO ITS) ANTi- STATE 
\F iT 15 occu pled. 


Now Dirac AReved MAT IF The CLECTTOMAONETIC hetd unt 
hAd ENOUGH EnercY IT Could witT The NEGANVE ELEecTYON, 
Some nNmes Chrtled The NEGCATON, INTO A posINVE ENETCY STATE. 
For This TO hAppen Two phoTONS PrRe NECdEd TO CONSERVE 
ENERGY fttd MOMENTUM, How DOES This process Looks weil POS ITIV € STATES 
AN ELECTTON of Pesinve enuercY is crearéed IN Addition A 
N€éGANVe sTATE 1S LETT EMpTY IN The SEA, The empty 
STATE OR HOLE 1S LIKE Hh WATRER bubble, IT CAN FLOAT 
AROUNd CARRYING ChARGE. IT is NECESBARY TO CANCEL OUT 


*mo 


TRANSITION 
This Charoced STATE bY SOME TRICK, DiRAC didn'T 


RNow how To fitL The hove BACK Up by The dechy 
of AN ELEETTON INTO The hove, IT WAS LEFT TO 
OpPEenheimER TO PEMONSTRATED The SYMMETRY OF ThE 
TRANSITION ANS The tdcA OF PAIR ANNIMLATION WAS 
LATER veritied. EXPETIMEeNTALLY by Anderson. ‘Wafortun- 
ATELY This HOLE - Business 1S physichtey DdifticveT 
To work with And for some Time , beTwoen 1424 find 


ENERGY 


-™Mo 


emMpti=> 


Phoion 


1449, QED dIDNIT MAKE MUCH Progress ave TO The a 
: NEGATIVE 
PisficurTieS EWCOUNTCTCd. STATES 


a4 


In 48 -'49 FEYNMAN PrOPOSed HHS SPACE-TNME ARGUMENTS 
for woOrkinG ovT These QED Problem. Since Then The machinery 
oF SPACE-TIME PhYsicS hnhS PMvau TO be A GreHT TOoL IN 
MANIPULATING ftNd SdLVING SYCh Problems AS PMR produ NON. y 
The SIMplLe COmCepT of A PArTTACLE MOVING IM SpAce- TIME 
CAM be ReEedveced TO A 2@- dimeWSIONRL PRAWING: 

The 3 MoNONS ShOWNS IWdicATE A STANONARY oObdectT, 


OSCILLAT yy 
™s 


MOVING 
OME THAT IS MOVING UNdey nw fipplicd force, find STANO wATY 


ANoTnEr ONE Which IS OSCILLATORY DYE TO AN 

EXT NAL field. A pART\CLE following A tine tf 
SPAce Time TRfveEcTORY CAN be touNd TO 

BE MOVING forward AS WELL AS bacKWARG 

IN Time WSS SEGY TN The OFhéer DInGcr iim: 
HERE The ELECTTON IS MOVING TorwARd IN 

Time AT ti, BuT A Tr SVddewLy Two New 
PAYTiche APpEARR UNTIL AT tq SUdd eALY 

Two PATTICLES CONVERBE , firmthiLATE | fd 

The cklecrrpn & A NEW ELECTLON COW TUES 

On ar ts. The pfrNcle MOVING BACKWARG 

IN TIME CORRESPOWdS TO Tne POSITRON. 

IN Order To TVRN The C€LECTRON ArOUNd IN 

TIME iT IS NECESSARY TO have A F1Eld PresenT 
To Scatrer off of. 


Po 


In THE CASE OF COMPTON ScCAITERING TheRe ARE Two 
WAYS IN Which The inter#cTow CAN occuR, e~ 
= 


‘d #U 


| 


2.5 


A4 MANIFESTLY INVARIANT THEORY ot PAIR PRODUCTION 


I'd Now LIKE TO Go INTO The QUANTITATIVE Theory oft 
PAIR PROoducTIon., IN The Process a we witt come ACMsSS The 
TAREE MAZOR ULES MAKING Up ALL OF Q.E.D. IN ordeR To 
deverope The Theory Im A RELATIVISTICALLY SIMPLE ToRM 
Which 1S ERS? TO COMPARE wiTh The Old Theory of ScATTErWG 
I'd LIKE TO INTTAPDYUCE SOME NEw NOTATION. 


The 4-vecTOR Yu haS previdoslY BEEN dehHned so ThaAT 
IT SAMISTIES The commuUTATION ULE 


Va XY + vy Su > & duy 
If Q,. 1s fwotmer 4 vector SAMSTING This Sfme rule, Then 
define The maATrix A To be 
fe = Gnu = Get ~ Ax Ue- Gy ¥y - Oy Wy 


This MATCIX IS) TELANVISTICALLY | NVARIART fied There fore will be 
Quite useful. IN The Sfme wAY WE chr detine’ Tre MOMeEnTM 
4-vecroR py IN A ret@mvisne TORM,)2, PF > Pu Yu, Acordinoly 
The DiRAc EQUATION CHN be exPRESSEd AS, 


L%acePu)Us Pe Ye U =MU —> Pu>mu 


ONe FAWAL NOTATION RLLE foR Two INV ATIANT MATRICES & fb 
B the FOLLOWING IS TRUE! 


OM w= - BK + @ACarb) Where Ab > Au bw 
dh = ova 


Now WE WRITE DOWN one of OUR IMPORTANT PROPAGATION 
RYLES 


And 


RULES AN ELECTRON PROPACATES trom ONE |NTERACTION 
TO ANOTHER VIRTUALLY wit AN fAmpliTyDdDe 
Propor TONAL TO I 
P-m+ree 
THis FREE PARTICLE PROPAGATOR WAS ObTMNEd PREVIOOSLY bY 
TAKING The MO Fourier TRANSFORM OF The POSITION PROPAGATOR, 


Ao 


Thus we Will be WorRKING IN The HMomenTvM- ENERGY 
REPRESENTATION RATHER THAN IN 


Space TIME ; IT MAKES 
Thines A LOT ERSIER. SINCE 


Theve MAY be Some con- 

cep PAL Difficulties IN UNdErsTANdING The oPpernTon oF The 
mitrix IN The dewominATOR, The THCTOR CAN be REwRITTEN 
AS ' 


P- mre 


x Pm 

p>-m* +2€ 
Now The AewominATOR IS A PUCELY ScALAR QUANTITY WITh A 
SMALL IMAGINARY Piece Which will EVewTufAlly be omitted. 


The STTENGCTH of The INTERACTION depends ON The devi ATION 


ot The Ewercy of The PhOTON _# ftNd ELECTRON »m, ENERGY. 


JF Tit€ IN¢tidewT PROTON |S TAKEN TO be 
WITR POLARIZATION Ey Then The 
with The PhoTON IS GIVEN bY £, 


A vecmoR porTeNnNAL 
COupLine OF The SLECTRON 


RULE 2 


THE AmPLITUde TO AbsoRb A Photon IS @ 
(22) 


THE AMPLIDVdE TO EMIT A Photon JIS V4 


ELECTYON with The ticld And 
PrOPAGATION IN 


LOOK AGAIN A ThE Compton 


x 


With The rue tor CoupLinw The 


The ruce for vir war’ The Kcred STHTEes LEeT's 


SCA ITER ING, 


CoNSideR The difioram TO The RIGHT, Jn The 
MOMENTUM @EPRESESTATION The MATRIX ELEMENT fon The 


Process CAN bE CompuTed divecTLYyY tom The StLond 


order PErTUrbANON TERM C THiS IS rEeguired bEechuse 
The Clecovow wrerAcTS TWICE), If The EL ecIVON STATIS 


IM srfTEe Ur , Absorbs PhoTow ka, PYOPACATES WITH ENECCY 


Bit Ke , EMITS PROTON Ro, Wd PropACATES with 


Momesrnm Fo ind STATE Ur phe AmpLitvdeé To do 
Al. Thrs 1S 4o0Nd TO be 


Pro PpornowAL Teo 


sae * 
Ur rae es ee La U, 
# t Ke -m tee 
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To Ths gifterim We musT Add The Am plindd& Te MIT Phayon b 
FIRST since The TIMING Of The EVENT IS NOT IMpOYTANT. 
LATER WE will SEE THAT TiS 1S JOST A STATEMENT oF The 
reLAamvisnc invanimuce Of Tne Process, The Amputee 

Sor WiS Second ProcesS TO Occur IS 


— * 
Ur Eu , Soo U, 
P,-kp —mtie Arp 
IN O¢der TO CONSEYVE MOMENTUM Ad ENERGY Mea, 


IN The PFOCESS = Bi - ke t ko. The TOTAL 
MATT I~ ELEMENT 1S Tne SUM of TheSe TWO TERMS,1<2, 


les. . “S iL. go | few Yi tr Ur flo | Ze V, 
Pit Ka - mie B - Ko - mtle 

HERE | Have Suipped iN The 4-vecrorR K Cw, kx, key, kes ) IN 
Prepay ANON of CONVERTING TiS resubT TO & MAnisresTey 
mv ArifmT form. Ri@hT NOw IT 1S fr REAL MESS) IT'S A 
hixture OF bur eoT Old Téethni que of wompuTine Min 
ELEMENTS TOGETHEr WITH SOME MYSTETIOUS 4-vecTOR NOTANON, 
somehow This ALL Ends vp TO be Inv ATi ANT And I'd NOW 
LIKE To SEE IF I CAN Prove JIT 13S. 


# 


Now | fervor some fHcTORS IN WriTING The Above MATRIX 
ELEMENT Which I Now MUST STRAIGHTEN OUT. FinsT The STRENCTh 
of The Coupti ne oF The ELECTYON 1S PropornomAL TO ./4qe% 
For Thé AbSorPNON of The phorwN ANd PropormonAL TY? Zz Wo 


{aner , Thus Mr is ProPormonar TO y 4me* 4ne* | hel 
2AWa 2b 


me define ThE POLARIZATION 4-VEcrOR Em AS 


Cn % = £ 14te* 


e és 4ie~ 1S The coupline SWewcTh of 
The PhorON ANd ELELTTON. We STILL have 70 worry froouT 

Tne fAcT or eee: becAvse IT 1S NOT IM AN INVARIANT 
FORM. So Le7’s RedFFiIne Mir, 


There fore ; 


AS 


rR 
Lets dene AN INVARIANT MATRIM ELEMENT M- which 


IS reLtaTed TO The old MAiirix ELEMCHT M CompoTed by 
Tne NON- reLAtovis ne PERTUCLATION THEORY. The Two M's 


Y 
fre vevfared by A SCALE dhe TOR C ies) te 


ami mots Theoret any 2 
Wa UWb 


we hive ftnoTner MISTAKE because The wive functions U, 


WERE ASSUMEd To Obey The NOrMALLtRTION CriITerTiA u¥ u, =. 
Bor iW The RELATE CASE The PLANE Wave DENSITY IS 
NO LONGER INVATIAWT AS THe box Shrinks. Thar Is TO SAY 

AS The DENSITY OF Tre Bon INCrEASES DVE TO Shr iQKinc 
box DimensiONS The ENS? CONTENT STATS TO INCASE 
ProPOrNONALLY AS The speed INCTEASES. Thus we have fiw 


UNTELATIV ISTIC Choice of NOrMALIZATION CONSTANTS Which 
CAN be correcTéd For dy 


JO be 


ChoosiIN Gc Tne N OrMAli ZATION 
& 
Ur Ui, = 26 
EQUATION we WAVE SET The 4™ cOMponenT of The 
4-vecror correnT EQuar TO The 4™ compowenT 
4-vecror By. From our éfrticr work U= 


IN This 


of The momento 
u™2 Whe re 


> = Ve And Up > uf = ut , Thus GF Uy = ae u, = ASU =ZE 
The SPACE COMPONENTS oF The CurrenT four vector ARE NormAritéed 
To haa - ~m_ svth TnaT 

Uo, d= UP Ov.@-> 2P, Gv¥,U2 


We now hfive A FeLATNvISNCALLY IN VARifntT Noma tAnoN 
of The whve fuNcTONS. We vo This bY ScHLING Aut The 
U's UP by A factor Teco which mAaKE The MATRIX 


ELEMENTS b’IGHER ProporNnoNfTELy. To TAKE This SCALE ScHANGE 


INTO ACCOUNT” We MUST divide IT ouT. Thus whité Thés 


fyrcror 1S NOT IN IT6EL  INVARIAWT IT IS JUST The RIGHT 
SieE TO MAKE Mme AWSWER COME Ovl 


RéevAnvistic Ally 
INVARIANT A- 


a9 


FROM The old SCATTERING Theory? CIs, The NON RELATIVISTIC 
CASE) TRE TRANSITION RATE covld be EXPresSéd IN TERMS of 
The SCRTPEING CfOSS SECTION AS 


TRANSITION FATE = OO Vecanye * [an SC Ert Wp - Waki) Cem °C Ret Ky = Ka- ml: 


ssi [ bret d?Kp , d’h aera ] 
Zw Crnl®> 2eRcem)? ZE,°2 Wo 

| have Added & Few EXTYA TERMS IN The EXPreSSION Prev) oUS LY 
USed. The detm tumcTION IS Now A 4 DIMGVSIONAL ONE 
im Terms ot The 4-MOmenTUN;s IT describes The cowServATION 
of ENERGY ANd MomenTUM. | did This To KEEP The Answer 
MéimresTLY iwvaci@nT. The iwtecraTi2N OVER d3IKb IS over 
The Fini rome sTATES Dt Tne photon. The d°>PL Term was 
Pur iN SO <The 4- DimewsionaAr aectf fncTIoN 15 COMPLETE. 
Now he fesocT hAS f& chiNce of beine INVATIANT. The 
verociTY IS The reLATive VELOCITY beTWEEN The PpArnicres. IN 
WordS Tne TANSINON YoLE IS 


ZN ® 4-“Dimewsiowar Deir tencTion * 
RATE = COSSSECTION « RELATIVE VELOCITY 


Minrix ELeMeNT SQUATED Dividéd b7 
TWICE Ne EWera oF Every PATNCLE IN FOUT 


4 , : 
Rote = (zn)? ) CPt hin - hen SOY ot dD iKe J iP. 


armies ee 
16, -LWa Zu (2H)? 26,C?i) 


Since THE foRM OF ThiS EQUATION CONTAINS The rELANVE VELOCITY 


ot The parmcles invotveéd WwW Whe coLcllsion IT Does NoT APPEAR TO 
be TeLATIVISTICALLY INVARIANT. BUT We Can déemonsTrATe Tne MANITESTLY 
INVA IANT FORM of The rATE <pvATION bY ShowING ThAT 


2 sy ee ~- 
Vney (2% Er Awa) 2 Wi-vr) (2E,-2wWa) =[-# fe + CPt ka) J® 


1S AN INVARJANT EX PFESSION. To Prove The Above €QvAliITY ILL WORK 
IN ONEDIMEeNSION TO SAVE Some Work, Thus The 4-vEecToR Br has 

The components Aix = &,, Pix but Pix: MV, = E, Vi; Thevetre R= Gs, GV 
SimmcArey The Y-vecTOR Tea WAS The COMPONENTS Wa, Wate , 


INCLUde Va for cComPLETE NESS - Tor fF PHOTON Va2=C~l. 


Here | 


BO 


IWseRTING FB And Re im TO The EguAToM 


& a a z » ery -— 4 
-B it (Bek) = -CE*- 68 Vi) Cwa wave) ¢ CErWa- Gia tVa) 
EXPANdING ANd CONSIDERING WitUa 70 , U8, The PARTICLES COLLIDE 
hexkDON WE CAN COLLECT TERMS ANd hftve LEFT 


-H do + CR he) = [€, Wo Cva-wdl 
The SQufre rooT Them Gives JUST The FiGhT ftNSweR WiTh The 


fAcTOr OF L Add Ed TO SCALE The ENEroles een; Tnus 
QE) wa (Va - V1) s C - PB Ha i Ch: hw 


Vd Now Like TO ConsideR The Factor 47 iKa d° iP, And Show iT 
cAN be ExPresed IN The MMMiFesTey iy var AnT form of 


un §¢ ae oO) d4 § CPE-m') an. . Consider Now f& SINGLE 


C7n) Cons 
PARTICLE INTETACTION TO MAKE THINGS SIMPLER. When we 


SvobsnWTe mys wR The RATE formuth we hfve THE 
COMPLETE MANITOSTLY INV ATIANT dornuLA we desire! 


Fay 3 tt Im; [xen d 4 ( Pau thin Pra -Raye) » eit SCP, -mt) 2° R 
26,.2Wa Cen) 4 


Im GenerAl TEermiroLocyY 


I 
raspon a T (rman aetna) x8 SE PBB) 


MATIX ELEMENT AL in Leow 
= T 
L T Cercnt ee ) )| é 4 Poor m* ) d* Be 
En ercy (tn) 


IN Summary we hAve CONsIdeCED ALMOST ALL of The RULES 
of QED IN derivING This HaANitesTLY INV ATIANT ScATIEL ING Theory. 
\'d LIKE To DiscuSS Now The ONE RULE WE haven'T ThtKEd 
f{oouT. 


4 


45. Res of QomTUM ELECTRODYNAMICS 


So FRR WE Wave discussed Two oF The Tree rules ot Q.6.D. 


e = 
1. The frmputede for R vir WAL € TD POPAGATE IS % pB-m rie 
RULES. 2. The INTErACTION OF The phoTON frrd ELecron 1S CoupLed 
bY he Term’ {4ne* zx 
3. The Mmpurude for A VIVTALAL PROTON JO PrOPACTTE 
IS PPOPORTIONALTS Ba/4 Are” 


IT 1S The Tread uve which we have NOT discussed ANd Vd LiKE 
qo DO TnAT NOW, Mew We Will hAve ALL Me CONCEpTVAL TOOLS 
Needed TO work OUT ALL KINdS of Problems, | with EmPhASItE 
RS we Go ON The USE of space-Time CFEYNMAN) Diforims 

Jo work ogT The various Probtéms. The difterfms Serve AS A 
Tet usefoL Tool becrvse ONCE poo ARE TrmiliAR wiTh Them fre 
CAN WriTe down ALL The & TOPO LOGICALLY pifterewT difrorams 
Sor tf Given Problem, Then IT IS NOLON GER NECESSARY To Work 
ouT The MATWemMANCH EE. WriTE OOT ALL The MATT IX ELEM eWTS. 
By sTudyinG® The umri0os difteraAms IT with be PoOSsibLe TO SEE 
which difterAm |S “STTONGER oF wenKker" Wan The OTheRS 

And Thos frercoprifiTely SIMPLY The siTUnNonN: iF iT becomes 
NECESSARY TO COmpoTe The EXPETANON VALVES FOr THE process 
IN QUESTION Then The DIROrAM CAN be wnverTéd DIrEciry 


nro The Necessary form by cavetvL LAbetinc UF Te diferan. 
~TwWoO PHOTON EMNSSION~Y 
AS fr ExMmPLE of WHAT I Meh before | devewore ME 3, 


Les CONSIGER A PROCESS Which MAY NOT hitve beew observed. 
Assume We hive & Photon ScHTPERING Off An ELECTROM | WhaT 
is Tae probability ThaT TWO PhOTONS MRE SCATTERED OUT, The 
Process 15 Given bY The diacviin 
he, ey 


Re, Ge 

a 

Let's ASsuMe The Electron 1S wiTALLy AT PEST, 1-é, #,- (0,00), 

Im order TO CONSETVE MOMENTUM WE MUST hive THAT Bt Kat F.sKet Ke ; 
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NOW WE DRAW ALL THE TOPDLOCICALLY DISFEREMT FEYNMAN 
DiAGRims for This Process 


é;:, Cr 


Cx 


ey 6. 


We hive Then © DIAGTAMS WHICH ALL MUST be ADDEd TooéTheR. 
\ sShoutd PONT THAT EACH OF ThESE PIAGYAMS CAN be DEcomposeéd 
INTO EIGhT more DIAGTANS Wh WE reverse The TIME OccurrAnce 
Ok Ch EVENT. BUT SINCE OUr THEORY IS FeLATIVUTICHLEY INVARIANT 
WE Don'T NEEI TO DO THAT, FoR Exercise LET'S wriTé ONE oF 
These DiAGrAMS OT, SAY #3, LET'S DRAW IT AGAIN CArefollY 
LAOELING EVEry Thine. 

FinstT Piz Bt ha-Ky-Ke 08 Pithke >% - Kar Ky 


wrnae oor M, 


No< he f. Bal A 


#- hy t Aug ree Dist -“mrTce Ca 


Reading trom tichT TO LEI C The with we WrITe The MATRIX 
ELEMENT OUT), The GLécTTON of mymentTum Pi in STATE Us B- 
EMITS Photon hy ,PropioaTes wiTn cwerey Fi “Ay , Mbsorbs 
Phorom Ka, POoPAcHTes W WITH MomEWTUM B, - Ke teu, 
ANALLY ir EMITS PROION Re PNd POOPKCATES ON WITR MOMENTA 
Pit he fd we ASK The PrOobAbILITY TO be IN STATE Ux. Simicery 
dor The omer S Processes N's wre computed S¥ch TnaT the TIAL VATE 1S 


s v 
; 2 | SIEM x density of STATE 
Raves ov = en ee, |e. | 
in out 
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ELECTRON- ELECTRON SCATIERING, 
The RuLE foR VIRTUAL PHOTON PROPAGATION. 


In ORDER To dEveLorVe ThE RUE for WIT TVAL PHoION PROPAGATION 
\ will return To THE Old Wi Of COMPUTING MATrix ELemcnTS 
So You CAN See beter Where IT COMES from ThE Problem we WANT 
To coNnSider 1S TWO ELECTYON SCATTERING. IN The reAL World The 


IMTEY ACTION Picture LOOKS LIKE 
Cz 


The scATaING POT@NAL IS DYE TO The COULOMb INTCYACTION ot the 
Two chaArced PATNCLES. We will consideR The CASE WHERE The 
Elecrrows move FAST ENOUGH ThAT TheiR MOTION IS AdtecTed by 
ReTacdAnow EftEcTS , Thus we MUST worrt AbovT Q.E.D Which ALtows 
For Phoron EMISSION Durine The EMISSION. OTherwise dor Stow movine 
ELECTYONS Wé Would Suppress The retard ATION ETfEcTS Md Consider The 
STATIC INTEF ACTION oF The CovLOMh hévd. 


IN The Space -MME PicTUre The INTEF ACTION LOOKS LIKé 


The foLLowgNno-. Py 
WERE: The CLecTYON {1 INTEVACTS With The coulomb 


Feld, FEvEASING A PROTON Which I$ SUbsepoenTLy % 
AbsoRbed by The cher INCOMING ELECTRON 2, 
IM TwS Process The VACUUM smTE IS EXCITEd bY 
ThE VIFTUAL PhOTON buT The vAcuUM STHTE IS resTORed AS The 
Phoron tS Absorbed. IT Should be clear ThAT This Process 
could hfrppen ANOTHER WAY iF The Second ELECTRON EMITS 
Me Photon First ftd Then EvecTrON 1 Alasorhs IT. 

The T'S witl be EXPLAINGd IN A Minute, For Porpases 
oF SIMPLICITY WE WiLL CONSIdGR The CLECTFONS AS 

dis GuishAbLe. WE could ThiNK Of ONG AS A Mu H&ON 
which iS An ELECTYON With Pr ditferewT MASS. Thus WE WON'T ; 
woert Aboot THe ExchAnoe of PARTICLES, 
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SINCE This 1S ff Two INTETACTION Process WE MUST hive THE 
INTErACNON Term ACTMG Twite Which TELLS VS WE WANT TO 
COomMpyTG Tne Second order Pe&Wrbihjon MATrIZ ELCMENT; 1-5, 

‘ 


Me: =4eD, =e bees 
he 
E; ~Ex 


Now WE We Gone TO WOrK Wilh The Old NoNn-vELATIVISTIC Theory 
And Tren Show IT tS MaAnifesTLY INVARIANT. The DESCRIPNON ot 


The virriovs STaTES oF The SYSTEM IS AS FoLLows ! 26 i, 
d 

i, 2NITIAL — fee, ar NO PhoTON 

A, wrermed inte es, er, - PhoTon li Q 

f, WN AL Qe; e@y, NO PhoTom Feu 


The INTeErMed ATE MOMENTUM Of The PhoroN IS Oz h-R. Pe, 


WE CAN WriTE dOWN Tne MATIX ELemMEewr for This INTET ACTION 
USING oUF ULES 


_e 
M.; : amex! (i xe” us) | C U3 “+ el) 
12 We l2we E, rE,- CEE. +9) 


HERE We = IQl Since C=]. 
To This Term we must fAidd Tae SECONd possi bLe Ampliyude, 


Mee = ave’ | Cus xe Us) Cuz wer UL) 
 Tiaag That EG, rer - (Er teat Wo) 2. 


To PuT MWese TermS ToGEeTWEr WE MUST puT Them 
over The Sfme denominaATOR, This (AM be done 
USING: We ConservéATmoM of ENEPGY RULE 4. ¢€, 
E ,trEv = E€;4r&4 on Ex ~G 3 = Ga-Ev 


‘ 
a i | 


E, rE. - CEs rrr) G, -E3 rwe 
Fyom Me: 


] 
Ey, rée-CEi t&q tw) Er- G4 -W9g — (E&.- 63) - We 


———— oo = \ = 
= ————— 


The COMMON ACENOMINATOR here 1S (E.-E3)° -We, 
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M > M'+n* = pi fg | (61-6) «wal = L Ce.-&3) -wa] ages é*)ur)¢ Ug @)U,) 
een [¢ & =€s)* - we | 


This Cit be consid AbLy SIMPLIFIEY by SYbTrACTING ANd DIVidiI NG OO1 
The Numer Aror fd denomimAToR CWeQ And LEAVING 


unet (uk («-*) ur) Cur c%-@) Us) 
(6:-&3)* -W9 
Mow rest TAT Wes Gl se. Wg = Q<Q= CR-Ts)” 


lf We Now B imfcine The PhoTOn 1S described by A 
4 HOmenmuM with = a > 6.-G3 And SPACE pr Q- i, - W3 


Then 44 - Q@°>Q = 4° so ThAT 
mye tae’ UF cue e*) un) CUP catre) Ur) 
q* 


The SWEUGTR of ThE INTETACTION d EPendS ON The devifnon of 
.- from O momentum. 


Our AuSwer 1S NOT <OMpLEeTE IN ThE Above form becuse 
We MUST SUM over ALL POSSIBLE POLATIZATIONS BY, OF 
The PhoTON 
ie ter ( tua’ ¢ K+e*) Ur) CU; (Hee) U) 


Au poe 4 

This 1S EQuivatewT TO Som of The four PoLAMItANONS, 

o Cut Hy, Ue) ( ut aH, Ue) Pl ud KQue) (v3 *Q U) 
4 . Q* 

Ts Doesw'T LooK FIGhT SINCE IT DOG NOT CQuAl The Above 

MiTr ix €LEmenT; Mere IS AM @ EXTYA Piece IN The EX Pression 

In VOLVENG '/Q%, LeT’s see If we cAn understind Where This 

ExTrA Term cAme drom by forceNG The EQvATION To The 

PELATIWISTCALLY «INVATIANT, FirsT we Necd The fact THAT de2u* 

Then we have 


— 1 (Gy pur) + (Us ~e Us) tlh cur x4 YU L) Cus K QU.) 
4 i yr Q” 
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Now 6 aA- VY and by ftdd ine ANd SUbTTACTING 
(iy %_e Ur)r CAs Vedi) we ©6T THAT 


Se. ee Sen ae 


debris 
We would hive A NICE CELATWISTRAULY wuATiANT CESOLT IF 
somehow The debris EQUALS ZEro. Le7TS work ON The 
term Ug K+ Q@ Ug; Tus equars 
Q* 


M sel Oy Yu Ue) (Us Ya Ui) eh CAF KO )LUF A+R UL) ~ Cla Xen) Uz 84) 
- a oF Qe 


uF bo Q Ur = UF COR - Kes) 
Q* 
Bur The Direc EGuiNon PredicTS ThaT Kei Ui = EU, 
S0Nd OP Us” = gus” —Gmuz SO 
. : = Uf Z ~ (€;-Bm)1U 
Us (MP, -% + Ps) Vi Us’ LCE. -pm) 3-(S l 
a Us* uy C &,-E;) 
Simicfrly we CA show THAT 
UF x Qu. = UP Ur C Ea- Er) ° 
Sim CC G, ~63 = Eq- Se 
Us Ur ( Ea-b.) > Ud eC 6,-E3) 


= Smuy 


Finftlt Tren 
h s & 5, * je a 
( Ug Ke Qu.) (Use «QU) ~ U; UUg Uz. CE, E;) 
q* Q° Phe 
Now The Term (U4 Ve Ur) C43 We V,) CAN be FewrtiT es SINCE 
Be me Us= UN ie, 
(Ta Yen) (Us Meus) = (Ud Ur) CUR Ua) 
We have Then 
detne se USS Ei-eT .. oF mud 
+H 


— ae. 
aster: U, eta, [ ce-e&y = oO 
& 


REcALL THAT q° > C&i-E3)" -Q* so we hAve ThaT 


mo 


+ 
DEbFIS = Wy Ur V3 Uj 
qQ* 
And This Mfttrix ELemenT 15 MON ZERO. DAMN: Too bad. 
We MUST And FN EKPLAWATION OF WhY IT APPEARS IN our formoLa. 


if we ThinK back TD WhhT WE ASSUMEd WHEN deveLo PING 
Tne YULE for COMPUTING The INTEFHCTION fre POTATIAL WE EXpfastd 
The vector POTENTIAL IN TErMS of PLANE TYANSVETSE WAVES. When 
WE did TnAT we ASSUMéed The COvLOmMb etvuce Which MEMS 
we have A Second TEM | The STATIC, INSTHNTANEO OD CouLomb 
INTETACTION between The pArTIclés. The debris Which we 
CALCULATEd 1S The fourier TRANSTORM OT This STATIC INTEY ACTION 


Tero, 7g IN| MOMENTUM SPACES, j ei i382 2 

7] ire 9” 
This Term Corresponds TO INSTAHWTAY COVd PropmennioNn of The 
vVirtoAl PhoToN, ?., % 


We hve THEN A TorAL of Three Diftcrams 
Which mMuST be SUMMGd TOCETHEr TO ObTHMN The 
AwAL TESULT. The SummATION Over The four P 
POLATItATIONS IS SEEW TO DE EQUIVALEWT TO 
TRAwSVErse WAVES PLUS AN IWSTHWTMNEDS COULUMb INTETACTION. 
However Since Our ANSWer 1S INVATIMNT UNdEr A LOreNTe 
TrimsformATion, iT 1S Meavinetul To reduce The tormulh To 
the wo aifterenT SYN AMICAL INTECLACTIONS INVOLVING The 
TrANSUESe field. The DifterAm we JusT Computed is , Theretore, 
IM IGwored wh ANd we replace IT DY The GENERAL PhTON 
couplING diferiM 


Ao 


Ane he 
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Ab. 


HIGHER ORDER CoRrREcTION TERMS 


WE Hive dEVELoPed A Ser oF RULES for COMpoTING The 
MATYIX ELEMENTS beTWEEN SdMe_E INITIAL And Awa STATES. The 
AMALYSis of The INTECACNON AAS bEEw Considered IN A 
sequence oF PerTUrbANON EACH WIth f STrENGTh OF eyne * A3?. 


The sTdY Led mm The devetopmenT Of The pore TOR COMPUNINE 
The ScATECING CATES 15, 


~ | L 4 = < & 2 
RATES = (Th 2E ) \recl Cu) §(2¥Fn si 2 Poet) “Meus d4 Pour § Pour Movs) 
* (ms 
The voces for cALCULAMNG MFi were derived fd WERE GIVEN 
In The form Of PropicATOR 


' P- mer 
WRAL ELECTTON PropAc ATOR wan mail Vz 
virTUAL PhoT0h PropAcaror 4 edn te A eX 


? 


REAL PHOTON emission, glanee } a 


The Cole FOC SUMMING OVER ALL MOMENTA equIRES INTE FAT M 
ovcy ath /crq)4 


FIRST ORDER Per TUrBATION 


if The DESIREd Accuracy OF A Process IS NHbovT 1°%/o, Then 
The frst order pefTorbAMoNn Theory S AdEQUATE, 1.8, (€%c) =7ay% Wh 
This Lowest order PerTFbANON JMPLIGS The  INTECACTIOM 
ACTS ONLY Once. Therefore OUR DiqerAmMsS ch ONLY 
by diftevams ON Tne YTIGhT-: 
AS f® Eximpre of HOW The rules WoRrK 
let's consider Tre PpossibititY of PAIR PMducTiON 
From evectrow ScATWErING by A NucLefR Fikvd. 
The Nuclear field IS GSewTIALLY A STATIONARY 
ElLectYon fierd AS CowsTrocTéd IN The LAb. Thus The pftths 
IN ME Cloud Chitmbér woodld have A Mist erectRON COMING 
IN With AC PMR REING PRODUCED. The ESSENTIALLY LINES 
ok THE difcrim ARE AYfWN NEXT. 


be coupléd 
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PAIR PRODUCTION FROM ELECTRON Re 


SCAITERING From A NUCLEAR etd, ¥, 
#, Py; 
The Problem tS how To INTERCNNET 
ME KINKS IN The diAcrAMS be fAvse FOR : 
EVERY KINK we NEEd A “ WIRE" TO = 
HOOK ONTO. SINCE OUR INTEREST IS ONLY fi 


iS 


To First ordee We ONLY have TO Worry 
AbouT SINGLE LINE INTE CONNECTS, PINCE 
Tere re 3 KINKS There Should be 6 difterfms. One Soch 
ainevam 15 Ps 


In TuS difteriuy FB and Pe are The PhYsicHlLly INcomNG PANICLE, 
white A= 0M,,090,0) And Bq, Ps fre The OUT GOING ELECTYONS. 
Ps iS The Newly Cvented elecrron While Fo iS it's crested 
Pale fwd VepresenTS ff PhYsicALlLY OUVTGRING POSITRON. MaATRCMATICALLY 
Po iS CONSid ered AN INCOMING PATTICLE, ThE = PHIR producndH 
wine of The difcrfim iS wupled TO The COLLISION bY Thé 
POLATIZEd PhoTONS of vector PROPAGNHTOR Ta nnd Sy. We 
Chu NOT wtiTE Down WM for The process. Above Gath TERM 
IN The Expression for M | Hfve ex pressed fer Tht Part vt The 
SIPS IM Whith IS wile ovT MATHcMATC ALLY, 


— 


Reels liens y 7 (Pu A) CP, -%)” 
3 lps 
4 for EAtch GY um se %, ¥; 


PhoiDn ExchAance 4 
yproroN = phot? N Pr 


ace Se ae LE (Us ¥yM,) (de ¥,U2) | 


VirTuAL t_7* P- 
PrOpAGATION Emssion Emission WieqvAl M virna, V 
Photon hoTon 
prop AeAnow Froprcanan 
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IN wrinNc Tnis Scaietine maitrx EvéemEeNT we MUST decide What 
To bo wiTh UU, , be, WhAT Do We use dor iT. LF we catl The 


Momentum of A posiTroN , €*, P Theres Po EQuAlS The Necanve ot 


Posince PU>- mM, U , Pele = t+ Me, Uc, CleArLY WE Ave GETING 


INTO AIFF CULTLY disTNcuIShINe between PMrTcELES Which ARE 
INCOMING fidd OUTGOING BoTh Physically ANd MATHEMATICALLY, 


Let's d€hNEe The INITIAL ANd ANAL STATE IN A Time Sense 
s¥ch WAT The INIDAL SMITE occurs before The Awat SMTE. 


EnTY fi ce And EXIT STATES wil be defined 
SEnse. The director 


In A MATH emATicA L 
Arrows witt reter TO ENTTANCE ANd EIT 
STATES. Twos The ININAL PosiTYON IS IN ThE EAIT STATE WhILe The 


finite POS ELECTYON IS iN ThE ENTYANce STATE. WITH THIS dehninen 


we CAn Express Mye AS Tne Product of Mexiz Menrrance. 


\ Shoutd pomT our IN The process JUST described I+ The 
dewominftors ARE SMALL A s., Bx Pq tnd B= Ps Then 
The SCATIEING IS STONG And QED IS fA Good Predictor of 
WE Coupline such TantT The YATE Chin he Accuracy | Precisecy, 
determined. This is WOT VEry INTERESTING QED UNLESS pou Like 
Precision. ON Thei othee hitNd When Fi -%4 ANd Fi -F; ARE 
LATE ,impUyING very ShorT dist¥ice coupLin] , Then @ EP 
GETS INTEFESTNG ANd The frccurfcy STArTs Jo FALL ApART. 


Errors ON Me order Of S To 10 PErcenT ATE MOE COMMON TAAN 
Errors of f& tew PAYT IN A MILLION. 


SELF - ENERGY of THE ELECTRON 


I'd LIKE TO ol ISCUSS higher Ordér COCrECTON To The 
first order perturbsmon Theory Just described. IN ParncoLAe 
Nd LIKE TO DISCUSS The compLicANON oF Msi due TO The diftcomAL 
Evements of H. fr is The NON -DIAGCONAL ELEemanTs of H_ The 
Hei, ELeMenTs Thar we hive used Td COMPUTE The TrANSINON 
Rates. THE Hic is NOW TO be Tne INTETACTION of The STATE with 
Irsevf. As A resuiT Mei is NOT A CATE of TYANSITION buT rATheR 


A Shift iM ENETeY. BUT Wwe Must be carehe dbecavse The 
MOCMALL TATION 1S Off, 


4|. 


Suppase | wAwT To CALCULATE The ENERGY ShidT of The 
Electron DBvE TO ITS ACTION BACK oP WSseLt, |whinT Then To COMpuyTe 


DE = UF HU . WE Know TraT U®*U=2E So Let's Divide 
Throueh bY U*U And GET 

% AE U*Heck u*u 

te utu 
OR 2EAG > Miz 


Since Ete Ptrmt ANd P IS The some before And AftEeR The 
PERTURDATION , The Chance IN GNECGY if EQUIVALENT 70 A ChAWe™e 
IM MASS, We cAN INTER POT The Diffoonfil ELMS Mee, AS 

A correcTnioW TO The Mass, AcTUALY IT IS The correcnon 1 
The MASS Soy Aréed. 


The PhYsicAL inTerperTAMON oF The SeLt-awercy Correcrnon Is 
Thar AN €lecivow AT TesT hAS A FimTe Prowabiuity of MAKING 
AYIWTUAL TYAKSITNON to some NEW Momentum STE FP Plus 
SIMULTA GOVSLY EXISTING WITH A PhOTON. ULTIMATELY The PhOTOM 
is refbsorbed back, Since The perturbAnon +& ACTS Twice | 
TE CorrécTION IS SECONd ordér, The diAcram for The Process 
iS Tot The RiGhT; Un+dormnATEeLyY When The correcnon 
iS comPUTEd IT Comes ouT INfimiTe. WAIT, The owe ELécrron 
Could hive been At test Find VhAT IS) fh: ONINVATIAWT CALCULAMON p 
So LET The ELECTYON bE MDVING. Now WE correct fr 
The everG? difference buT we tnd Mar The LorenT2 
Tri StormAtion does NOT GiVG The RichT COrrvecnon. Werte 
SNLL IN Trovele. Whit Mboour The coulomb tfhetd? Dipwe 
Soccer (T) weit "¥%a,, 1S Likewise INHNTTE SO NOW WE 
hive & inhwite ENECY CesvtTsS. Mow CAS WE PUT Them TocEeTHER 
Se 3uST s0 They bALAnce ANd Give A VELANVISTICALLY INVATIAWT 
ResviT$ ONE wht, which we hitve Alreidy discussed, 15 To 
cur off Me Frequency Al Some ArbivAt’ Lavce VALUE, Bot lms 
Nprrofich is NOT Mii teaTLY INVARIANT. ThiS INTNITE ENECCY PrdbLen 
PlAsved QED up TO 1949, find Gwen TODAY IT SNL Brothers 
Us, GUT we Keep The Shell GAME GCoING bi A LT OF TRicks 
To eed found WE Probie beoT IT tS STILL With YS. 


4z 


LET'S TRY TO CALCULATE The ENERGY Shift ANd SEE whAT 
hftppens, The iNTEerAL OWE ALL PhoroNS IS 


Am > Mit = (tne) oat U Fas 1% U Ya 1% U dik 
AW b-f)-m rie — Cag) 


IT Should be EvidewT how Mii IS EAPrEsséd. from previous 


Work. Since Mic Gets Squared | have vefe owT The 2?s 
Which Go ALONG; hey Ate JUST UNESSENTIAL CoMmPpLICATIONS. 


Now whér vilue of R do we USE 4, WhAT Mode is 
ExciTeD? Since wW A ChviTY cesonftroR ANY Mode MAY be 
EXCITEd , WE MusT IWTEEYATE dVEr HLL POSsibLE MoMEewTA OF The 
VITTUAL PhoTON. | Shoutd POIMT ouT we fre worried ONLY 
About -hrst order COfVecT ions Weve Even Though A Two PhoToNn 
EMissiom AWd feNbSorpTion {1S Poss IbLé, 


How Do wE Do ME INTEG VAL? IT LOOKS frieHTEeNnING Since 
There fre MATTICEs IN The devomIWATOR. LETS Pur Them IW The 
MumERATOR ANd cotlecTi The imacinaty Piéte E IN The 
d chuinon of The MASS, 1.-¢, 


U Tn ot Ta U = U Su (P-# +m) GU 
F-R- (p-)- mt 


We chin work ON ThE riGhT SIdé€ some by Obseruinc if The 

Y's were NexT TO Gfrch oTher MiINGs wold bE COmMpuTATONALLY 

easier. Thar BSB Wwe KNOW WuSu = %e he - Weis “Gh "Gs i--1)-0-9) - 

OF Kut = 4. Clemmy Yue mhan > Mey > Im. Bor wht 

Aeour Wy CF-)Yu. We NEEd The ruce for Yu KG which 

Yor YECALL IS CommuTANVE bY The 4VECcrOr cOMMUTPANON Yue, 
A> bm tarps 


Thus Gu KYun = Yu l-WuKke) + wallAp = AK tthe = -27Ak 
So ThAT 


_ 


Cv (Phim yy. TL-2%-2Ktam] a 
( # -fE)* - me CP -K)> -m¢ 


Now PU>MU So we hive U Cem-lk)u 
CP-4t)*-m~ 
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Since U is Normauted Such Hat UU=2M we hive MAT 
yemMUu= + ym" 
Also we can simpy G (r~e)U AS UCUP-R) = AP Ek 
SINCE The PROTON has 


mMz0, The INTEGrAL OT INTETOT 15 
Now 


M = are | 4m 4+ 4Rk di 


CP -h)* - me Aeecany' 
The deMominitor caw b© Sinputied by 
or PY=m* — Therefore 


M = aver | qw' +qepk | dik 
(re -2Prce) ARrcpa)! 


if we ASSUME The ELecrrON 
Amd ASSUME M+ 


yvonne JhaT PUSmu 


iS AT reST Then PF 2(M,00,0) 
CV,0,,0.0) sv¥ch ThaT 


a aaer | Am? + dmy dv Bae Const) 
ye-zmy *cé 4* 


EVALUATING This inTeECVYAL Gives AN’ INA NITE VALVG. 
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47. MASS And CHARGE 
RENORMALI ZATION 


LasT TIME we piScussed The infimite sect EMERG of The 
ELECTRON by workine OUT The DIAGONAL ELEMENTS of ThE 
ScaTepring- Mfnrix M. There IS fnoTherR WAY To CALCULATE 
The Self Ewercy USING ThE DiAcrim Technique. AS AN EX AMPLE 
CONSIDER AGAIN ThE COMPTON EffecT AS The BASIC FEACTION And 
Now LET's ASK how we cAn correct The results bY GOING 
To HiGher order IN The PerTuUrbRTION EXPANSION. The Second 
Order Correction LIMITS YS TO one AddINONAL ELECTRON WHiICch 
MUST be emitted ANd Absorb Ed. The Possible modditicarions 
Jo The fthrsT Order Process FARE MAWY. IF hE virwAL 
ELECTTON IS AlMoST free, 18, ThE ProPAGATOR 15 CLOSE 70 
ThE fiIGhT MASS Thew The INTEYMed/ATE STATE CAN LAST 
A LONG TIME. IN The INTEC Medi ATE STATE MAWY VITTVAL 
phoTONs CAN EXIST, 


FirsT order 
Compton 
SCAT ENING 


The BASIC SECONd ordER ProcéSs 15 The FOLLOWING 


BP - 0 
x P-k 


P-m 
HERE The ELECTYON STARTS IN SOME STATE X | find we TEALLY 
Aren't concerned WhAT The IMITIAL STATE IS, Awd PrOpfe ites TO 
some Twat smare Y. Thus XY  Covld be ANY ONE OF 
The Trree SIFAIGHT LINES IN The compTON SCATTERING DiIAGYAN, 
if The ELECTVON CS NeArLY Tree 1. &., P= m~ Then There MAY 
bE More PhOTONS EXISTING. IF WE CONCEYN ourselves firsT, wiTh 
ONLY ONE vVIvTUAL PHOTON CK%ISTING AT A Time we hve 
POSSIBLE SIMAGYAMS LIKE 


Pa ila 


Less Likely, but possibtt OCCUrrING | Two fnd more virtwar 
PROTONS CAN EXIST SIMULTANEOUSLY, TREN WE GET Diforifns 
Like, 
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of S gs 


EVEN worse There IS STILL ANOTHER Possible VINTUAL STATS 
ANd nhT js Where The virmAt Pho§lOn of sethiciasT enero, 
creares fe VITTUAL PAIR, Which AWNIHILATE iid OLTMATELY 
rene N TO B® The BLECIYON, 


Tis LAST DiftevAm Describes Whit IS cCALLEd VACUUM POLATItATION, 
I'LL come BACK TO This Process A Lime LATIER. 


RIGHT NOW | WANT TO CONSIDER rAdiffive correcnons Which 
Are ONLY ACcUrATE To first Order IN Ci/he 18, * i%o. | hAve 
Thus Chosen To &Kclude ALL ThE VITTUAL STATES Where MORE 
ThAN ONG PHOTON CKISTS. Nonemetess § smuue Hfve A series 
of pinerams of The TYPE ON PAGE 48 which MUST be dDEALT 
WITh SINCE ThAT 1S GoIWe TO CréenTe Enovrh Problem in Tse 
| choose TO MAKE IT AS EASY AS POSSIDLE by SIMpLIfreNe- 
The ANALYSIS. 


Jo Becin The ANALYSIS The ELECTTON IS fSSUMEd TO 
be NEATLY Free, Ve. pt ¢m* precisel¥, but insted 
pt: mcire)- 
Wher Ez fh from We unc etn? princi Ple, | iS The 
INTEC VIKL baween SCATTERINGS. Since T IS LArce, 
€ 1S smALL, 


Now consider The zero order DiferAn Sor déeTErMINING 
The moriwde 1 PrOPAGCATE from X TOY, 0d, Y 


x 
P-m #0 


Amp (o> YX 


YOWNTIIN 


Aupoj= X Prm X = XY CP+m) X 
pr- mm 2m*é 


To Ordtr 6, 


Wb 


The NeXT order DCAGr*m IS INTGFESTING decmSe IT ALLOWS 
foR The Emission Mid re fbsorpnon of fA virrual Phovow. p 


HeemsEe we MUST SYM OVEr ALL POSSIDLE momenTd of Nee ae 
The virivat Phoron the fmpunde 15 a 
ee -k-m 
mea 3 Bed Mak dtk 
eP-m p-K-m -m AY Cru)! 7 
+ | 
it we define The varifbte BCP) TO be 
4ne4 
Bch) = Me dik ca 
P-}-m a Gal 
Then we cAN WwriTe 
AMp C1) = + pce) —- 
-m P-m 
We CAN NOW write We NEXT Order Difterfm AS 
Ameczy = Y —L Ber) 1. Ber) . X 
pom P-m P-m 
i 2 


Now we have A Saories of These fAmPUWAIES Which 
MUST be frddéd TO INCLUGE ALL PoOSSIbLE 44 COVTECTIONS 
et Thus TO Sum The Series we MAKE USE oF The 
SENSAMONAL fAcT THAT 

Ag 8 of et se tus oe ee 
where A And B Ate NONG COMMUTING OPETATDRS. The 
sun of ALL These “Bubble” AS Some Think of Them 


IS JUST ea 
— X = = hme 
~ -m - BCP) Att e* corms 
AGAIN our fPPTOXIMATION Is TO Ofder €* And We hhVEen'T 
In cluded The diferams 1 order e4% which Are Ses 
Like The onc ON hE RIChT. 


It would be NICE i+ Bch) were ust A NuUMbER 
becnvse iF Wovld Then correspond TO f Correction TO 
POPAGATOR , 1.6, The MASS IS ChAnced by A SMALE 
AMOUNT, Physic Ll Y, Tas meavg That The SxperiMenwTaley 
Measured MASS rEnLLY INCLUDES The eff ecr of The VIrTVAL 
processes Just MeNTIONEd. 
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Thus B represewsTS The correcnon 


To Twe TheorericAl MASS 
Due TO The 


Secf ENercy of The PArncLe. If WE ASSUME 
THAT BCH) HAS The MATHEMATICAL FORM of 


Bcv) = aw Pt bch) 
Then The AmMpPlLindé TO cer from X TO v 


iS 
x Y | X = Y Lci-ae + m+) x 
(I- a)% - Cmrb) C1-AY)P* ~ Cmtb)” 
Or written DitterensTLy AS 
Y | Xx 
\-o& (P - m') {Ho 
Wh ere ' 
m'= mrb = M+ bt+ma 
1-a 
Pid b+ ma 1S The CORRECTION TO The MASS. 


The EXTTA TeRM ere under Y And XK frre curious 


TEYMS betse Thay fire iWierperTed TO Moin THAT cath Time The 


Phoron INTECACTS IT HAS ITS) Chirce SLIGHTLY Ch ANetd 


$0 The COUPLING STYENGTh IS Modified. The Chance IM MASS 
ANd Chareé of The ELECTrON Are reterred TO AS MASS fwd 
Charce TeENOrMALItATION, The ideq_ Then 


iS WiTh A SomewhAl 
DitteresT MASS 


fed SOMEWHAT difteRcwr COUPLING The 
mass of THE ELECTYON 1S feflLyY KNOWN dbECAVSE YOu CAN 


Work b&cKWATd From The ExPeriMeNTALLY DETECMINADLE MASS, m' 


WELL yor Quite | 


You S€—é BCP) TORNS OVT TO he 
AN INfiMITE INTEGTAL. 


You can vefdity see THAT by observine 
Mar Mme INTEGrAL «sof The form j kidk \ rary Ss 
Thus The InTecrAr IS LoGATITRMICALLY = diver as Re 


Cent 
What Do we do? Cermniy IF B00 The whole GED Theory 


COLLAPSES. Bur Since fF IS A Good Theory TO EXpehin The 
PhenOoMaNA we See WE WOULd LIKE TO WE it. We have To 


Fix’ UP The Theory by modif¥inge The ‘ules of photon 
PCOPA GAT) ON. 
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Lambd A Tneorty tor MASS REWICMALIZTATION 


Suppose THAT The ProPAGATOR for AVIFTVAL PhOTON 1S iZ* 
for smal vaives of R Chez, COtesPONdING To wAvELENGTHS ON ThE 
order DF meETErs, CENTIMETETS MILLIMETERS} dowe TO W hvedeneThs of 

ay) 


IO cm pd ENEretes ON The order of Bev's), Beyand This vimit 
we WiLL ASSUME Mme PrOPAGATOr FALLS off more rAPIALY, 


ded | eat Bs | | 

An RLR-AL 
ThiS Convercence FACTOR | cA iT CC Rk) = - DA /h- eo Is Chosen 
To be CELATIVISTICALLY INVATIAINT, For SHALL yates of R* CCR) 
1S Aumosr L; for Lance vittves of AY CR) Goes as VR* 5” The 
Whole Pro pAGHTOR woes ns WRI. The O Factor is Chosen TP 
MAKE ALL This APPYOKIMATION STUFF WOFK, We should Now Thy Td 
EVALV Are ROP) USING TWiS NEw PMPACATOR. 


Theretote we wast TO EvaAL VATE 


A A 
B > ane | Yu (P-fim) Tu a | 7 
(hk - 2k +P -m*) > De 
sine THE TeLATONSHIPS THAT Sutu>4 ANd GWU KG -27A TO 
tid The cquimoy of Cu's ANd ALSO NOTNG TO YEpLAcE Pp’ by m* 
SINCE We WAWT Tne MASS COrrecnlON Then 


. u 
mA + ager | ect) tm ak | 2 _| 
= pec ne Pc ce , 

HL pe, me Av bhi 
This iINTEGYAL ChN be eEvALUATEed TO be 


are brma = g me’ [ 3 nl) +4 | som 


The INTEGYAL Now CoNVerces bHT IT DeperdS ON A. Ay Am 
GETS bicGer fd biecer, Corres pONdime TO hicher nd Hee higher 
frequencies The MASS correcTION GETS bieeer LIKEWINE. Thay 


: 3c 4 
M exper. = vice: | oe un An( m)| 


The Problem is You chn'T TAKE ThE LimiT AS A Goes TO @ hechvse 


The MASS correcTioM blows vP- if A were reat ANd hfd A PhysicAL 


basis, we could UNdersrfind hoy to Use I. BUT We woRK Buind. 
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Even if A were very LATGe SKY ~ 100Bev The MASS correcTiON 
is on The order of [0%o. Ih Seems LiKe The MASS CorrecnON 
IS INSexsiINVE TO The hieh Frequency cut off. 


IN DEALING: WiITh hieher order CorrecTSONS TO PROCESSES 
IN VOLVENG CLecTrOW -PhoTON INTERACTION | Loe Arirmmic divactnces ATE 
The worse KINd ENCouNTo@ ed , So Hi THAT Is. However, If The 
ApsweR to every PhysicAl Quesnon IS expressed in TErMS of the 
“expemamenta MASS, 12. M Exp, é, WM he +$m Then & PAnded 
T fest order IN dm THE coefficient of An “Im becomes EQuaLto 
zen ANd The RESVLT IS INSeNSITWE TO ThecTOoft Frequency | the 
limit AS A = © cANt be THKEN And ThevesucT 1s finiTé. 


WE Thus have AwoTher TUE FoR QED .When SOLVING Problems 
ot This TyPEsMIPUT IN AN AfbiTRATY curoff Factor Cik*)= - N /e-N 
fad Observe The SevsinvitTyY TO A @ EXPrEs EVECY THING IN TERMS oF 
The &fPETiMeNTAL MASS; G) TAKE The CimniT As A =7® fd 
Ger The correct ANSwer, 


Whit€ This Procedure docs seem TO Koree Quite Accur ATELY 
wih exPeriMEnTS ,1T IS NOT” Cl Ar Thar iT IS A we VALId one, 
jhe miswer Suc courd be diverenT AS WE consider higher order 
corr EcTioNs , \.2, where CU or more VIFTVArL Photons €misT SIM OLTAEOs LY, 
The Theory is VAtid To cofvecTiOns iN order e* but The Sum oF 
The sevi€s Goss AS n" eA When n 137 then ni sTArTS 
qo dowuiware The series Me or MAY diver cee. 


CHARGE RENOrMAUZ ATION , VACUUM POLARIZATION 
There iS fmoTher iw hniry WhICh WE Should det wih fd IT IS 
ASSocIATEd WiITA The PrormbiLiry of crenmiING A VIFTUAL PAIR: 
There 1S AGN A Senes of dmerfms Which musT bE 


Summed AS before, 
re + Tt T + eee 
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USING The sme TYICK AS betore The Series CAN be Summed 70 


produce, in eftecT fA Modified ChAtoe e@' COUPLING The PhoTON 


To The ELecTYON. e' IS The &xperimewme chiree Measored Ad 


iv difters FOM The Theoretical VALE AS 


e C moorencar ( 
oe eee 


© exp 2 = € 
nh -Y 
Where Y approaches A comsmAnT. © IS chilled The rendrMAlized 
Chae 6. The INTeperNon of The Chitee Shift 1S ThaT 'T IS A 
SMALL correcTION To The CovLomb POTOTNAL, However fr LOG ArITh MIC 
divéreuce smut ApPenrs so WE &Xpress The Answer in Terms a’ 
MKeE Tae vimir IN The fivST few orders of The Perwr bATION, IT 


iS AMAZINGLY ThAT While ALL These Ticks Seem TO Work fiid 


GiVE The Viekl ANswer We don'T understmd Why ~ The 


Problem IS TOO hfifd TOO Soe, 


5| 


MoRE ON CHARGE RENORMAL) ZATION 


LAST TIME WE TALKEd BRICSLY AbnoT ChArce TENOLMALI ZATION 
ANd t'd LIKE To Discuss IT NOW IN MORE DETAIL, 


ConSiId€R The Problem OF Two ELECTTONS INTETACTING 
ThrovGh The Covlomb fiéltd ANd SCATTEFING AT SMALL A CLES 


The €LEecTroNS ATE coulomb coupled by The VIFTVAL PhOTON 3 
WIT AM AMPLIDWdME GIVEN bY: 


an e* (Ug Yu Us) eT aes Uy) 


There IS ANotHET DIAGYTAM, ONE of MANY | for The Above inTéer- 
ACTION Wherein A VINTVAL PAIR IS Produced, 4. &, 


On PAGE Sd Are some of The OThEer POSSIBLE DifterAms. To compute 
The contri bunon of This DiflovAw To The ScaATeiNG YATE we 
HAve To Follow The €Le€cnON AYound The CLOSEed Loop. WE STAT with 
fA © Ya which is The AmpliNdde to ANMIhILATE The m Photon 5 Vem 5 
The fmplitide FOR The ELECTTON TO PrOPAGATE 


beTween The & 
Phoson VETTES | 


fai © ¥y 1S The Amplitede To emit A photon oF 
POL Ait ANON VW; ANd ‘LBA m) 1S The AmptiTuDE for The 
ELecTrON To PPOPAGATE BACK TO ITS STAMNG PLACE. The TOTAL 
fey woe 6 Tren 

4ne* ( Ur ¥ Un) is | { sr ( v4 Wel ee | + (Uy 8, Us) 

: i Pom  pog-ms coal 4 

The INTEGrAL SUMS Over ALL POSSIDLE MOMENTA P fwd ININAL STATES, 
A sidé Cemark MAY be IN Order TO EXPLAIN ThiS POINT IN More 
demic, The INTEGrAL CONTAINS Ff Spur which means 


we SIUM Over 
Ali pirecTIONS oF The ELECTYON SPIN. 
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LeT’S TAKE A Loop where we STAT IN SOME STAVE Us And 


End up IN ThAT STATE AFSTEr GIF CULATING ArOUNd The LOOP. 
we WANT TO GYALVATE 


5S Cu Mu) uw 
Spin Us 


Where M IS The MATTIA ELEMENT TO GET frTOUNd TWE LOOp, 


1 
4a ¥e ct HF 
P-g-m P-m 
Ord wArhy when A MATTIXes 1S ProvecTed INTO TU And 


SuMMEed DVEr ALL VALUES of U (The result IS The TYACE 
or spur of THE mATIIX 1-4 


> CGtMuU) = Spor 7 * Trace A 

ale U 
Where TYACE M equals The SYM Of The DIAGONAL ELEM @TS. 
Now Suppose We WANT The Sum over 2 differenT SPINS. Why 
MoT Sum over ALL U'S Awd SOME hOw MEsTTICT The result TO 
The Fe Four SoLuuTIONS TO: Two, SINCE U must sATISfY PUFmvU 
AN ELEGMON AT resr MOST sATiIStY M¥e UzaAMU Which hfs The 


ae ts A i ta 


o 


Spin ‘Spiny Spint sping 
Le | Sei ae 
ELEcTrow STATES POSMON STATES 


WE WANT The SoLunonS MAT SATISFY PUS mu fd Bon'T 
WANT The SOLUTIONS ThaT SAnst? 


rewrite We = over spins of U AS 


-PV= Mv. So Lets 


z (G Mu) - 2 = (u M cerm) U) e le | Cee) 


Spin t fu gus ae 
Thuy when WE Som Over The TWO Névinive STATES WE Get tere. 
Some useful peopermicss of A Spur Are 
Sp tM = 4 
sp | = © 
Sp LUX] =O 
Sp L¥Us]=o 


Se LUM J= -4 


$3 


REWFNING TO The INTEGrAL LeT'S See WHAT HAPPENS When 
we Try TO Work IT OUT, Consider The INTEG@YAL has A form of 
The foLLOW ING 
4 ’ 
sp s y. - Y¥y ai ) <2 4 = Aduy + bg* dur + Cfagy tr" 
p-m PAM (zn) 
We Suppose WAT { Is SMALL ENOUGH TAT WE CAN MAKE 
‘ 
A Power EXPMINSION IN 4 of The TEetm p-m-4) . When we do 
That fd Evaluate The INTECTAL WE GET AN fmputude LIKE 


~ ne)” (ukuuy) 1 a 4 C44 Yu V3) 


ct 
BuT AS q GETS SMALL This Term NAY domMINATEG The ~~ dineran 


Which IS TrOUbLING SO WE MUST CONSidér The NeXT Order difterim, 
yO OX Which When evALuATEed Produces 


+(4ie*)° (Ur Yu Us) z et Xu U;) 


L 
Now You Keep DOING Tis find finfury Add up ALL The Terns, 
dite CUq % U3) le were 4 C4iieta)® ,.-- f aa = gute? (Ua tau) 1 C42 aU) 
oh i ba4nea 
This 1S INTECESTING because IT SAYS The Lous for Photon PropAGAMoW 
IS WYOING Add YEALLY The PhoTON mA WAS A TEST MASS 4ne* QA. WELL 
EX PErIMENTALLY NO Evidence SUPPOCTS THAT CONCLUSION SO ® MUST 
be ¢ero. \+ Q#0 The Q.E.D wovtd Nov sdéscribe NATWFE PlehT. 


TEYNS INVOLVING gu Aré Gere Since Ur mus = CUrrenT = qn Je 
find The divereence of THE currenT IS tER0- So WE Won'T worry 
R bout $4 gy TemsS. WAT LeAves ONLY The et Juv TéErm TO Worry 
MeoouT. 


BY A Similar Series EXPANSION fis Above for Thé A tern We 
GeT Tht) The Loop fimpiindde iS Given by 
Aner (Ov Yu) _! (dy yu¥s) 
q* a *bc4ne’) 


| CAN rewrite This AS 


& : | : 
mae ae 
4° Cit4re'b) 
b here 1S detiNed AS A MEGATIVE QUANTITY, So finarry we CAN 
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% 9 ; 
Ww ; l 
Where The New chAroe e' sa 6” 


| t4meb 
ThE CouPLING Lfw ThuS ChanGEéS So The CorrenTsS ju TErACT According 


To MAKWELLIS coulomb LAW buT With A Modified Charce . When- 


Ever we guote “C" we refiy MEAN e' bechuse WE Chw'T 
SOLVE We INTEGRAL for bh. IN ESSENCE The ChaAtee Is FeNOrMALI téd 
And ThE Law} SAYS To PLEASE EXPrES§ The resulTS IN Terms of e! 


becpuse e@ CAN'T be determined. The INTEGrAL for b ConTRINS 


A LogpriThmic divercenT PETA Which reguireS AN ArbitrATY cuTott to 


be MaDe IN ordér TD GYA OblmNn fF finite VALE for b. This 45 
ANOThE dilemma of @.E.D. 
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REWFNING TO THE INTEGrAL LeT'S See WHAT HAPPENS When 
we TeY TO WOCK IT OUT. Consider The INTEGYAL has A form ot 


The folLLOW ING 


d4p = 2 ae? 
Sp i ok Yy 4 \= 4? a day + b¢ Our + CJagy t 
p-m P4a-m) Con) 
We Suppose TWAT 4G is SMALL ENOUGH THAT WE CAN Make 
‘ 
A Power €X PANSION IN ¢ of The Term p-m-4) . When we do 
That find Evaluate The INTECTAL WE GET AN fmputvde LIKE 
~ (ne) Cuauu) 1 a b CMe Us) 
BuT AS GETS SMALL This Term nay dominate The ~~ dineran 
Which IS TOVbLING SO WE MUST CONSid er The NEXT Order difterfm, 


ynO—0-~*X Which when EVALUATED Produces 


+(4ne*)° (Ur Yu Us ) 4 Re S. et Xu. U;) 


4” 4 
Now You Keep DoOINe This find finmury Add up ALL The Terns, 
4iter (Ug % U3) te u qile*a ; C4ieta)” 5 i ica = gue? (Ug tay) 1 C42 U1) 
$ ¢4 i be 4a 


This 1S INTECESTING bechvse IT SAYS The (dus tor photon PropaAGhmoNn 


IS WYtNG find VeALLY We PhoTON MA WAS A LEST MASS FietQAa. WELL 
EX PEIMENTALLY NO Evidence SUPPOFTTS THAT CONCLUSION SO ® MUST 


be Eero. \ + a #0 The Q.E-D wood SOV describe NATUCE Tich). 


TEYHS INVOLVING ga Are Zero SINCE Ur Fula = CULTENT = gu gu 
find The divercence of The currenT IS ZERO. SO WE Won'T worry 
Root Jugy Terms. ThaT Lefves OnLy The bgt duy Term TD worry 
Ao oul. 


BY A Similar Series EXPANSION AS Aloove for The A Term We 
GeT Thftl The Loop fmplindde is Given by 


4ner (Vv Xu) ae Yas) 


q* “| *bc4qie*) 


| CAN fTEWriTte ThiS§ AS 


zu ‘ | ‘ 
ae ar i 
{ C 14 4re*b) 
b here 1S det\Ned AS A NEGATIVE QIANTITY, So Fin ALLY WE CAN 
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os 
w ‘ uf: 

rité qi (e') qu : qn 
Where: The see charade 2°34. 6 


| t4ne*b 
ThE COuPLING Lfw Thus chanGé) So The CorrenTS ju Ter ACT AccoOrdine 


To MAKWELLIS coulomb LAW buT with A& Modited Charce . When- 
ever we guoTe “C" we frefiy MEAN e' bechuse WE Chn'T 
SoLvE TWe INTEGMAL for bh. IN Essence The Charee 15 PeWorMAL ted 
pnd TRE Liw} SKYS To PLEASE EXPFES{ The reESoLTS IW Terms of e! 
because e@ Chm'T be determin éd. The InTEerAL for b conTAINS 

A Logarithmic divercenT FETA Which Teqguifes AN Arbitrary? coTott to 


be MADE IN order TD EVA OblmN A finite VALE for b, This 15 
AnoThe dilemma of Q.E.D. 
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4%, AN INTRODUCTION TO 
WEAK INTERACTION 


There IS A CLASS of ow INTELACTONS Which does NOT dbEY 
The KNOWA Laws of  ElecrodyNAMICS, GYAVITY, OF STYONG INTEFACTIONS, 
The INTECACNON WAS Observed IN NUCLEC ThAT UnNderco A decAY Such 


As, i= Pee eV. | ELECTYON EMISSION 


This iS CALLEd -decAY. here Am Neviron SECAYS INTO fF PrOTON 
by emi Tinc@® AN CLECTYON fd ANTINGUTTINO. The Nevrrino is A 
Mfsstess @ATTICLE WiTh SPiN 7/2. Omer TYPes oF (-decay fre 


P —? Nre*+V » POSITTON = EmiSSION 
P +e + NtTY , Electron CK) CAPTurE 
Pra - NY, MU-MESON CeAPTOCE 


The ChAtACTEer ISTics oF Tnese INTEFACTIONS ATE The foLLOWING? 
(1). reacnon TIMES OW The Order of 10°'° SEC 
(2). RiehT And LET S¥mmerry IS Always VIOLATéd 
(3) STVAWGENSS Is VidLATEed 


IN order TO €y%pLAIN These INTETACNOWS FErMI C~ 1934) Proposed 
Thar The Obey The Same TYPe of rure AS EtécpodrpAmics Which 
Mefwr The TYARSINON MATE 1S PMPorNONAL TO IMezl” Where Mit 
IS OME MATRIP ELEMENT beTWeEN ThE INITIAL Ad FNAL’ STATE. 


uv+tinished av Akiscri prion) FolLOwS, These WOTES 
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Wn pit p—7 N+ 


ae” i. \ ve + V WA Oru Le RS ae 
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\ Mo =174 meV =(05 MeV We = 05 fey 
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